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A d y n am ic  p r e s s u r e  model  o f  m u l t i c o m p o n e n t  
d i s t i l l a t i o n  i s  d e v e l o p e d  i n  t h e  f r e q u e n c y  d o m a in .  The 
m ode l  c o n s i s t s  o f  a s e t  o f  l i n e a r i z e d  o v e r a l l  an d  c o m ponen t  
b a l a n c e s ,  e n t h a l p y  b a l a n c e ,  p r e s s u r e  r e l a t i o n s h i p ,  
h y d r a u l i c  e q u a t i o n  a n d  e q u i l i b r i u m  r e l a t i o n s h i p s  f o r  e a c h  
t r a y ,  t h e  c o n d e n s e r  and  t h e  r e b o i l e r  of  a  g e n e r a l  c o l u m n .
A n u m e r i c a l  m ethod  c o n s i s t i n g  o f  t o t a l  s c a l e d  p i v o t i n g  
G a u s s i a n  e l i m i n a t i o n  w i t h  t h e  m e th o d  o f  r e s i d u e s  i s  w orked  
o u t  f o r  s o l v i n g  t h e  m odel  i n  t h e  f r e q u e n c y  d o m a in  t o  o b t a i n  
a l l  o f  t h e  d e s i r e d  t r a n s f e r  f u n c t i o n s .  The r e s u l t i n g  
t r a n s f e r  f u n c t i o n s  a r e  p r e s e n t e d  a s  Bode p l o t s .  The  
m e a s u r e  o f  i n t e r a c t i o n  b e tw e e n  t h e  v a r i o u s  c o n t r o l  l o o p s  
c a n  t h e n  b e  c a l c u l a t e d  a s  a  f u n c t i o n  o f  f r e q u e n c y  b a s e d  on 
t h e  t r a n s f e r  f u n c t i o n s  b e tw e e n  t h e  c h o s e n  m a n i p u l a t e d  a n d  
c o n t r o l l e d  v a r i a b l e s .  As a  r e s u l t ,  t h i s  a n a l y s i s  c a n  be  
u s e f u l  i n  d e f i n i n g  t h e  c o n t r o l  p r o b le m  and  p r e d i c t i n g  
i n t e r a c t i o n  d i f f i c u l t i e s .
T he  c o m p u t e r  p ro g ra m  d e v e l o p e d  i n  t h i s  r e s e a r c h  c a n  be 
u se d  t o  s t u d y  t h e  e f f e c t  o f  d i f f e r e n t  m o d e l  s i m p l i f y i n g  
a s s u m p t i o n s .  The m o d e l s  b e i n g  s t u d i e d  a r e  p r e s s u r e  m o d e l ,  
e n t h a l p y  m o d e l  and  e q u i m o l a r  o v e r f l o w  m o d e l .
A l s o ,  a  g e n e r a l i z e d  s t e a d y  s t a t e  p r o g r a m  and  a
m e c h a n i c a l  d e s i g n  p r o g ra m  were  d e v e l o p e d  t o  make t h e
x i
f r e q u e n c y  d om ain  d i s t i l l a t i o n  co lum n  mere r e a l i s t i c  and  
g e n e r a l l y  a p p l i a b l e  t o  a  v a r i e t y  o f  c o lu m n s  a t  a  v a r i e t y  o f  
o p e r a t i n g  c o n d i t i o n s .
CHAPTER ONE
1HTBODOCTIQN
P r o c e s s  c o n t r o l  i s  a n  i m p o r t a n t  c o n s i d e r a t i o n  f o r  t h e  
o p e r a t i o n  o f  a d i s t i l l a t i o n  c o lu m n .  Once t h e  d i s t i l l a t i o n  
c o lu m n  i s  s e t  up ,  i t  h a s  t o  be  o p e r a t e d  f o r  y e a r s .
G e n e r a l l y  s p e a k i n g ,  t h e  c o n t r o l  s y s t e m s  t h a t  s a t i s f y  one  
d i s t i l l a t i o n  co lum n m i g h t  n o t  s a t i s f y  a n o t h e r .  The 
s t a b i l i t y s  o f  t h e  d i s t i l l a t i o n  c o lu m n  c o n t r o l  s y s t e m  
d e p e n d s  on t h e  i n t e r a c t i o n s  b e tw e e n  t h e  p r o c e s s  m a n i p u l a t e d  
v a r i a b l e s  an d  m e a s u r e d  v a r i a b l e s .  The t e r m  i n t e r a c t i o n  
a r o s e  b e c a u s e  i n d u s t r y  h a s  o f t e n  f o u n d  i t  d e s i r a b l e  t o  
c o n t r o l  t h e  m u l t i v a r i a b l e  p r o c e s s  a s  i f  i t  w e r e  made up o f  
i s o l a t e d  s i n g l e  v a r i a b l e  p r o c e s s e s .  I n  t h i s  r e s e a r c h ,  a 
c o m p l e t e  p a c k a g e  i s  d e v e l o p e d  i n  t h e  f r e g u e n c y  dom ain  t o  
i d e n t i f y  t h e  d i s t i l l a t i o n  co lum n p r o c e s s  t r a n s f e r  
functions, c a l c u l a t e  t h e  i n t e r a c t i o n  m easu re  a s  a f u n c t i o n  
o f  f r e q u e n c y  and  d e t e r m i n e  t h e  b e s t  p a i r i n g  o f  t h e  
c o n t r o l l e d  an d  m a n i p u l a t e d  v a r i a b l e s .
I n  t h e  p a s t ,  some d i s t i l l a t i o n  c o l u m n s  h a v e  b e en  
s i m u l a t e d  i n  t h e  f r e q u e n c y  d o m a i n .  Lamb, P i g f o r d  and  
B i p p i n  (1961)  d e s i g n e d  a n  a n a l o g u e  s i m u l a t i o n  f o r  a  b i n a r y  
d i s t i l l a t i o n  c o lu m n  m o d e l  v i t h  v a r i a b l e  h o l d  up on t h e
1
2t r a j .  I n  t h i s  s i m u l a t i o n ,  t h e y  a l s o  i n c l u d e d  a  t r a y  
e f f i c i e n c y  f a c t o r  w i t h  t h e  same s e t  o f  e q u a t i o n s .  Cadmen 
a n d  C a r r  (1966) e x t e n d e d  I a m b ' s  d i s t i l l a t i o n  co lum n t o  be a 
m u l t i c o m p o n e n t  d i s t i l l a t i o n  co lum n .  They  i n v e r t e d  t h e  
f r e q u e n c y  domain  d i s t i l l a t i o n  c o lu m n  e q u a t i o n s  s e t  a t  e a c h  
f r e q u e n c y  t o  g e t  o n e  p o i n t  f o r  t h e  t r a n s f e r  f u n c t i o n .  Bood 
(1967)  c o n t i n u e d  Cad man and  C a r r ' s  co lum n by a l l o w i n g  
l i q u i d  f lo w  p e r t u r b a t i o n  t o  be  c a u s e d  b y  a  c h a n g e  i n  v a p o r  
r a t e .  The S h u n t a  a n d  l u y b e n  (1971)  a p p r o a c h  r em o v ed  t h e  
e q u i m o l a l  o v e r f l o w  r e s t r i c t i o n  o f  Lam b 's  m ode l  by a d d i n g  
t h e  e n t h a l p y  b a l a n c e .  F. P. S t a i n t h c r p  ( 1 9 7 3 . A,B) u s e  a 
s e t  o f  e q u i m o l a l  d y n a m ic  e q u a t i o n s  t o  i n v e s t i g a t e  t h e  
c o m p o s i t i o n  r e s p o n s e s  o f  a b i n a r y  m i x t u r e  on i n d i v i d u a l  
p l a t e s  w i t h  r e s p e c t  t o  r e f l u x  f l o w  c h a n g e s  an d  v a p o r  f l o w  
c h a n g e s .
A l l  t h e  a b o v e  m e n t i o n e d  m o d e l s  a r e  n o t  f l e x i b l e  enough  
t o  h a n d l e  d i f f e r e n t  t y p e s  o f  c o l u m n s ,  i n  o t h e r  w o r d s ,  t h e  
work p e r f o r m e d  b y  e a c h  o f  t h e s e  a u t h o r s  i s  o n l y  a p p l i e d  t o  
a  p a r t i c u l a r  d i s t i l l a t i o n  co lum n .  F o r  e x a m p l e ,  Cadman and  
C a r r ' s  m o d e l  »as  d e v e l o p e d  f o r  a  t o t a l  c o n d e n s e r ,  s i n g l e  
f e e d  s t r e a m ,  w i th  d i s t i l l a t e  p r o d u c t  s t r e a m  and r e s i d u e  
p r o d u c t  s t r e a m .  None o f  t h e  a b o v e  m o d e ls  had  p r o v i s i o n s  
f o r  m u l t i p l e  f e e d  an d  s i d e s t r e a m .  A l s o ,  t h e s e  m o d e l s  
d e p e n d  on  s i m p l i f i e d  s t e a d y  s t a t e  c a l c u l a t i o n s ,  t h e r e f o r e  
t h e s e  m o d e l s  w ere  l i m i t e d  i n  t h e i r  u s e f u l n e s s  f o r  c o n t r o l
3s t u d i e s .
For  t h e  m e a s u r e  o f  i n t e r a c t i o n  w i t h i n  m u l t i - c o n t r o l  
l o o p s ,  R i j n s d o r p  (1965) p r o p o s e d  a n  i n t e r a c t i o n  i n d e x  f o r  a 
two v a r i a b l e  c o n t r o l  s y s t e m  f o r  t h e  d i s t i l l a t i o n  c o lu m n .  
B r i s t o l  (1966) a l s o  p r o p o s e d  a s o  c a l l e d  “R e l a t i v e  G a in  
A r r a y "  (RGA) m e th o d .  T h i s  RGA method o n l y  r e q u i r e s  t h e  
s t e a d y  s t a t e  p r o c e s s  g a i n .  E.  J .  D a v i s o n  (1969) d e f i n e d  a 
non-minimum p h a s e  i n d e x  f o r  a l i n e a r  t i m e  i n v a r i a n t  
m u l t i v a r i a b l e  s y s t e m .  I t  i s  t h e n  u se d  t o  g i v e  a  m e a s u r e  o f  
t h e  d e g r e e  o f  i n t e r a c t i o n  w h ich  may o c c u r  i n  a 
m u l t i v a r i a b l e  c o n t r o l  s y s t e m .  H i s e n f e l d  an d  S c h u l t z  (1971)  
h a v e  e x t e n d e d  t h e  r e l a t i v e  g a i n  a r r a y  i n  w ha t  t h e y  c a l l  
i n t e r a c t i o n  a n a l y s i s .  T h e i r  a p p r o a c h  i n v o l v e s  a 
t r a n s f o r m a t i o n  o f  t h e  d i a g o n a l  e l e m e n t s  o f  t h e  r e l a t i v e  
g a i n  a r r a y .  W i t c h e r  an d  HcAvoy (1977) i n  a  r e p o r t  sh o w ed  
t h a t  a l t h o u g h  t h e  B r i s t o l  RGA m e th o d  and  R i j n s d o r p  
i n t e r a c t i o n  i n d e x  m ethod  s t a r t  f ro m  d i f f e r e n t  p o i n t s ,  t h e y  
a c t u a l l y  end  up w i t h  t h e  same r e s u l t .  W i t c h e r  an d  HcAvoy 
(1977) i n d i c a t e  t h a t  t h e  i n f l u e n c e  o f  d y n a m ic s  c a n  be 
s i g n i f i c a n t ,  t h e r e f o r e  t h e y  i m p ro v e d  t h e  RGA m e th o d  t o  a 
" R e l a t i v e  Dynamic A r r a y " ,  t h e  RDA m e th o d ,  w i th  t h e  
d e f i n i t i o n  o f  d y n a m ic  p o t e n t i a l .  T h i s  RDA m e th o d  was b a s e d  
on o p en  l o o p  r e s p o n s e  an d  c o n c e r n e d  b o t h  s t e a d y  s t a t e  and  
d y n a m ic  i n t e r a t i o n .  They a l s o  p o i n t e d  o u t  t h e  b e s t  way t o  
i n t e r p r e t  t h e  i n t e r a c t i o n  m e a s u re  i s  i n  t h e  f r e g u e n c y
4d om ain  i n  t e r m s  o f  m a g n i t u d e  a n d  p h a s e  a n g l e .  I n  a  1978 
p a p e r ,  B r i s t o l  (1978)  g e n e r a l i z e d  h i s  o r i g i n a l  " R e l a t i v e  
G a i n  A r r a y "  a n a l y s i s  by  r e p l a c i n g  t h e  s t e a d y  s t a t e  g a i n s  
w i t h  t h e  c o r r e s p o n d i n g  p r o c e s s  t r a n s f e r  f u n c t i o n s .  H i s  
a n a l y s i s  p r o v i d e s  u s e f u l  i n s i g h t  i n t o  t h e  d y n a m ic  b e h a v i o r .  
I n  1 9 7 9 ,  J e a n  G a g n e p a i n  (1979) p o i n t e d  o u t  t h a t  t h e r e  e x i s t
I
d e f e c t s  i n  b o t h  t h e  RGA method a n d  t h e  RDA m e th o d  an d  
s u g g e s t e d  t o  u s e  w h a t  he  c a l l e d  t h e  " a v e r a g e d  R e l a t i v e  G a in  
H e t h o d " .
I n  t h i s  w o rk ,  we h a v e  d e v e l o p e d  a s e t  o f  c o m p u t e r  
p r o g r a m s  t o  a n a l y z e  d i s t i l l a t i o n  c o lu m n  i n t e r a c t i o n s  i n  t h e  
f r e g u e n c y  d o m a i n .  T h e se  p r o g r a m s  p r o v i d e  t h e  s t e a d y  s t a t e  
d i s t i l l a t i o n  c o lu m n  p r o f i l e ,  t h e  m e c h a n i c a l  d e s i g n  o f  t h e  
d i s t i l l a t i o n  c o lu m n ,  and  t h e  d y n a m ic  r e s p o n s e  o f  t h e  co lum n 
i n  t h e  f r e g u e n c y  d o m a i n .
The s t e a d y  s t a t e  d i s t i l l a t i o n  co lum n and  t h e  
m e c h a n i c a l  d e s i g n  o f  t h e  d i s t i l l a t i o n  co lu m n  a r e  d i s c u s s e d  
i n d i v i d u a l l y  i n  c h a p t e r s  two an d  t h r e e .  C h a p t e r  f o u r  
p r e s e n t s  a  d e t a i l e d  l i n e a r i z e d  d i s t i l l a t i o n  co lum n  m ode l  i n  
t h e  f r e g u e n c y  d o m a in .  C h a p t e r  f i v e  p r e s e n t s  t h e  n u m e r i c a l  
method used  i n  s o l v i n g  t h e  l i n e a r i z e d  d i s t i l l a t i o n  co lum n  
m odel  an d  t h e  c o n c e p t  o f  t h e  i n t e r a c t i o n  m e a s u re  b e t w e e n  
t h e  m u l t i p l e  m a n i p u l a t e d  v a r i a b l e s  and  m e a s u r e d  v a r i a b l e s .  
The r e s u l t s  a r e  t h e n  p r e s e n t e d  i n  c h a p t e r  s i x .






















FIG 1 . Computer Program S tructure.
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6c o m p u t e r  p r o g ra m  t o  p r o v i d e  maximum f l e x i b i l i t y  an d  minimum 
r e p r o g r a m m i n g  r e q u i r e m e n t s  f o r  h a n d l i n g  v a r i o u s  d i s t i l l a t i o n  
c o lu m n  s y s t e m s  a n d  c o n t r o l  s y s t e m  c o n f i g u r a t i o n s .  The 
s t r u c t u r e  i s  shown i n  FIG 1 .  B a s i c a l l y ,  t h e r e  a r e  s i x  s e t s  
o f  c o m p u t e r  p r o g r a m s .
(1) S t e a d y  s t a t e  d i s t i l l a t i o n  co lum n
(2) M e c h a n i c a l  d i s t i l l a t i o n  co lum n d e s i g n  p ro g ra m .
(3) C o n s t a n t  c o e f f i c i e n t  g e n e r a t i o n  p r o g r a m .  T h i s  p ro g ra m  
g e n e r a t e s  a l l  t h e  n e c e s s a r y  c o n s t a n t s  r e q u i r e d  by t h e  
f r e g u e n c y  r e s p o n s e  a n a l y s i s  f o r  a  g i v e n  c o n t r o l  
c o n f i g u r a t i o n .
(4) F r e q u e n c y  r e s p o n s e  a n a l y s i s  p r o g r a m .  T h i s  p r o g ra m  s e t s  
up t h e  c o e f f i c i e n t  m a t r i x  a n d  c o n s t a n t  v e c t o r  a r r a y  a t  
e a c h  s p e c i f i c  f r e q u e n c y .  Then t h e  e q u a t i o n  s e t  i s  
s o l v e d  by G u a s s i a n  e l i m i n a t i o n  w i t h  t h e  m e thod  o f  
r e s i d u e s  f o r  a l l  t h e  m e a s u re d  v a r i a b l e s  a t  e a c h  
s p e c i f i c  f r e q u e n c y .
(5) Bode p l o t  p r o g r a m .  T h i s  p r o g r a m  makes Bode p l o t s  f o r  
t h e  p r o c e s s  t r a n s f e r  f u n c t i o n s .
(6) I n t e r a c t i o n  m e a s u r e  c a l c u l a t i o n  p r o g ra m .  T h i s  p ro g ram  
c a l c u l a t e s  t h e  i n t e r a c t i o n  m e asu re  i n  t h e  f r e q u e n c y  
d o m a in  a n d  t h e  r e s u l t s  a r c  p r e s e n t e d  a s  Bode p l o t s .
With  r e f e r e n c e  t o  FIG 1 ,  d a t a  b a s e  1 i s  t h e  d a t a  r e q u i r e d  
t o  r u n  t h e  s t e a d y  s t a t e  p ro g ra m  ( t h e  d e t a i l s  a r e  p r e s e n t e d  
i n  t h e  s t e a d y  s t a t e  d e s i g n  m a n u a l .  A ppend ix  K). Two s e t s
7o f  s t e a d y  s t a t e  p r o f i l e s  a r e  g e n e r a t e d  by t h e  s t e a d y  s t a t e  
p r o g r a m  and  t r a n s f e r r e d  t o  t h e  d i s k  a s  d a t a  b a s e s  2 and  3. 
D a t a  b a s e  4 I s  t h e  n e c e s s a r y  i n f o r m a t i o n  t o  r n n  t h e  
m e c h a n i c a l  d e s i g n  p r o g ra m  ( t h e  d e t a i l s  a r e  p r e s e n t e d  i n  t h e  
m e c h a n i c a l  d e s i g n  m a n u a l .  A p p e n d ix  L ) .  The m e c h a n i c a l  
d e s i g n  r e s u l t s  a r e  t h e n  s t o r e d  i n t o  d a t a  b a s e  5 .  The 
c o n s t a n t  g e n e r a t i o n  p r o g ra m  f i r s t  p i c k s  up t h e  s t e a d y  s t a t e  
p r o f i l e  f ro m  d a t a  b a s e  3 an d  t h e  m e c h a n i c a l  d e s i g n  r e s u l t s  
f ro m  d a t a  b a s e  5 .  T h e n ,  t h e  c o n s t a n t s  a r e  g e n e r a t e d  
c o r r e s p o n d i n g  t o  d i f f e r e n t  c o n t r o l  c o n f i g u r a t i o n s  and  p u t  
i n  d a t a  b a s e  6 .  D a ta  b a s e  7 c o n t a i n s  t h e  n e c e s s a r y  
i n f o r m a t i o n  t o  r u n  t h e  f r e q u e n c y  r e s p o n s e  a n a l y s i s  p r o g ra m ,  
s u c h  a s  minimum and  maximum f r e g u e n c y ,  d e s i r e d  m a n i p u l a t e d  
v a r i a b l e s ,  d i s t u r b a n c e  v a r i a b l e s  a n d  m e a s u re d  v a r i a b l e s .
The Bode p l o t  p r o g ra m  makes  v a r i a n  Bode p l o t s  b a s e d  on  d a t a  
b a s e  8 ,  t h e  p r o c e s s  t r a n s f e r  f u n c t i o n  i n f o r m a t i o n  g e n e r a t e d  
by t h e  f r e g u e n c y  r e s p o n s e  a n a l y s i s .  The i n t e r a c t i o n  
m e a s u re  p r o g ra m  c a l c u l a t e s  t h e  i n t e r a c t i o n  m e a s u r e  a l s o  
b a s e d  on  t h e  p r o c e s s  t r a n s f o r m a t i o n  i n f o r m a t i o n  g e n e r a t e d  
by t h e  f r e g u e n c y  r e s p o n s e  a n a l y s i s .
CHAPTER THO
S T EADY STATE DISTILLATION WITH THE FLASH FEED
(A) S t e a d y  S t a t e  D i s t i l l a t i o n
I n  o r d e r  t o  s t u d y  t h e  f r e g u e n c y  r e s p o n s e  o f  a  g e n e r a l  
l i n e a r i z e d  d i s t i l l a t i o n  co lum n m o d e l ,  t h e  s t e a d y  s t a t e  
p ro g ra m  i s  n e e d e d  t o  f a c i l i t a t e  t h e  s e t  up o f  t h e  p o i n t s  
a r o u n d  w h ich  t h e  e q u a t i o n s  a r e  l i n e a r i z e d .  The s t e a d y  
s t a t e  d i s t i l l a t i o n  m o d e l  must  p r o v i d e  t h e  d e s i g n  o p t i o n s  o f  
m u l t i p l e  f e e d  s t r e a m s ,  m u l t i p l e  p r o d u c t  s i d e s t r e a m s  and  
i n t e r s t a g e  h e a t e r s  o r  c o o l e r s .  T h e r e  a r e  a  num ber  o f  
s t e a d y  s t a t e  d i s t i l l a t i o n  m e th o d s  a v a i l a b l e  s u c h  a s  
L e w i s - M a t h e s o n  m e th o d ,  T h i e l e - G e d d e s  m e th o d ,  R e l a x a t i o n  
m ethod  an d  s o  f o r t h .  H owever ,  a s  p o i n t e d  o u t  by  F r i d a y  and 
S m i th  ( 1 9 6 4 ) ,  some m e th o d s  a r e  n u m e r i c a l l y  u n s t a b l e ,  o t h e r s  
c o n v e r g e  t o o  s lo w  an d  some r e q u i r e  a  c o n s i d e r a b l e  am ount  o f  
c o m p u t e r  s t o r a g e .
I n  t h i s  r e s e a r c h ,  t h e  H ang/H enke  method (1966) i s  used  
t o  g e n e r a t e  t h e  s t e a d y  s t a t e  p r o f i l e .  I t  i s  a s su m e d  t h a t  
e a c h  s t a g e  c a n  h a v e  o n e  f e e d  s t r e a m ,  o n e  v a p o r  s i d e  s t r e a m  
,  o n e  l i q u i d  s i d e  s t r e a m  and  o n e  i n t e r s t a g e  h e a t e r  o r  
c o o l e r .  The w o rk in g  e q u a t i o n s  w h ich  d e s c r i b e  e a c h  co lum n
8
9s t a g e  a r e  o b t a i n e d  f ro m  m a t e r i a l  b a l a n c e s ,  e q u i l i b r i u m  
r e l a t i o n s h i p s ,  s u m m a t io n  e q u a t i o n s  a n d  e n t h a l p y  b a l a n c e s .  
T h i s  g e n e r a l  m ode l  co lum n  can  be r e d u c e d  t o  any s i m p l e r  
m odel  by s e t t i n g  t h e  a p p r o p r i a t e  t e r m s  t o  z e r o .  A n o t h e r  
a d v a n t a g e  o f  t h i s  m e th o d  i s  t h a t  t h e  c o m p o n e n t  m a t e r i a l  
b a l a n c e s  c a n  be  a r r a n g e d  i n t o  t h e  t r i d i a g o n a l  m a t r i x  fo rm  
w h ic h  s a v e s  c o n s i d e r a b l e  c o m p u t e r  memory.
The ITang/Henke c o m p u t e r  p ro g ra m  u sed  i n  t h i s  r e s e a r c h  
was s e t  up o r i g i n a l l y  by  K ur t  Kominek ( 1 9 7 9 ) .  Kominek p u t
i n  a l s o  t h e  H o l l a n d ' s  T h e t a  m ethod  a n d  p a r t i a l  s u s t i t u t i o n
m ethod  t o  a c c e l e r a t e  t h e  c o n v e r g e n c e .  T h i s  a u t h o r  h a s  
a d d e d  t h e  f l a s h  f e e d  c a l c u l a t i o n  an d  t h e  H u r p h r e e  t r a y  
e f f i c i e n c y  t o  a c c o m p l i s h  t h i s  g e n e r a l  p u r p o s e  s t e a d y  s t a t e  
d i s t i l l a t i o n  p r o g r a m .
T h i s  s t e a d y  s t a t e  p ro g ra m  a l l o w s  t h e  f o l l o w i n g  d e s i g n  
o p t i o n s  :
(1) m u l t i - c o m p o n e n t  d i s t i l l a t i o n
(2) m u l t i p l e  f e e d  s t r e a m s
(3) m u l t i p i e  p r o d u c t  s i d e s t r e a m s
(4) i n t e r - s t a g e  h e a t e r s  o r  c o o l e r s
(5) f l a s h  f e e d  c a l c u l a t i o n
(6) p a r t i a l  o r  t o t a l  c o n d e n s e r
(7) i d e a l  o r  n o n - i d e a l  l i q u i d  -  v a p o r  e q u i l i b r i u m
(8) t r a y  e f f i c i e n c y
(9) e q u i m o l a r  o r  n o n - e q u i m o l a r  o v e r f l o w  c a l c u l a t i o n
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The Wang/Henke c a l c u l a t i o n  p r o c e d u r e  i s  s u m m a r i z e d  a s  
f o l l o w s  :
(1) Bead t h e  i n p u t  d a t a .
(2) Make t h e  f l a s h  f e e d  c a l c u l a t i o n  f o r  e a c h  f e e d  
s t r e a m .
(3) G e n e r a t e  t h e  e s t i m a t e d  l i g u i d  f lo w  p r o f i l e ,  v a p o r  
f l o w  p r o f i l e  a n d  c o m p o s i t i o n  p r o f i l e .
(4} A r r a n g e  e a c h  c o m p o n e n t  m a t e r i a l  b a l a n c e  i n t o  t h e  
t r i - d i a g o n a l  m a t r i x  f o r m .  I n v e r t  e a c h  m a t r i x  t o  
s o l v e  f o r  a  new c o m p o s i t i o n  p r o f i l e .
(5) C o r r e c t  t h e  c o m p o s i t i o n  p r o f i l e  by u s i n g  H o l l a n d ' s  
T h e t a  m e th o d .
(6) G e n e r a t e  t h e  new t e m p e r a t u r e  p r o f i l e  by t h e  b u b b l e  
p o i n t  t e m p e r a t u r e  c a l c u l a t i o n .
(7) Modify  t h e  t e m p e r a t u r e  p r o f i l e  by p a r t i a l  
s u b s t i t u t i o n .
(8) S i m u l t a n e o u s l y  s o l v e  t h e  h e a t  an d  m a t e r i a l  b a l a n c e  
f o r  e a c h  s t a g e  f o r  new l i g u i d  f l o w  r a t e  an d  v a p o r  
f l o w  r a t e .
(9) Modify  l i q u i d  f l o w  r a t e  p r o f i l e  an d  v a p o r  f lo w  
r a t e  p r o f i l e  by p a r t i a l  s u b s t i t u t i o n  m e th o d .
(10) Check t h e  r e l a t i v e  e r r o r  i n  t e m p e r a t u r e  p r o f i l e ,  
c o m p o s i t i o n  p r o f i l e ,  l i q u i d  f lo w  and  v a p o r  f lo w  
p r o f i l e .  I f  s m a l l e r  t h a n  t h e  t o l e r a n c e ,  e x i t .
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O t h e r w i s e ,  go t o  s t e p  (4)
The d e s i g n  r e s u l t s  w e r e  v e r i f i e d  by c o m p a r i s o n  w i t h  t h e  
r e s u l t s  by Wang and  Henke ( 1 9 6 6 ) .
(B) Feed  To The D i s t i l l a t i o n  Column
As shown i n  f i g u r e  2 ,  t h e  u p s t r e a m  f e e d  p a s s e s
t h r o u g h  a r e s t r i c t i o n  v a l v e  b e f o r e  i t  e n t e r s  t h e
d i s t i l l a t i o n  c o l u m n .  The d o w n s t rea m  p r e s s u r e  o f  t h e
r e s t r i c t i o n  v a l v e  i s  t h e  f e e d  s t a g e  p r e s s u r e ,  n e g l e c t i n g
t h e  p i p e  f r i c t i o n  l o s s .  The t o t a l  f e e d  r a t e  F ,  f e e d
n
c o m p o s i t i o n  Z , f e e d  t e m p e r a t u r e  TU and  f e e d  p r e s s u r e  PU 
i ,  n n n
a r e  t h e  g i v e n  u p s t r e a m  f e e d  c o n d i t i o n s .
The f l a s h  f e e d  c a l c u l a t i o n  i s  e s e n t i a l l y  an  i s e n t h a l p i c  
p r o c e s s  which c a n  be v e r i f i e d  f rom  t h e  m e c h a n i c a l  e n e r g y  
b a l a n c e  by n e g l e c t i n g  t h e  k i n e t i c  e n e r g y  l o s s  t h r o u g h  t h e  
r e s t r i c t i o n  v a l v e .  W h e th e r  t h e  f e e d  i s  a l l  l i q u i d ,  a l l  
v a p o r  o r  a  p a r t i a l l y  v a p o r i z e d  f e e d  c a n  be d e t e r m i n e d  from 
t h e  c o m p a r i s o n  among t h e  t o t a l  f e e d  e n t h a l p y  w i t h  t h e  b u b b l e  
p o i n t  r e f e r e n c e  e n t h a l p y  w h ich  a s s u m e s  t h e  f e e d  i s  a l l  
l i q u i d  a t  i t s  b u b b l e  p o i n t  t e m p e r a t u r e ,  o r  w i t h  dew p o i n t  
r e f e r e n c e  e n t h a l p y  w h ich  a s su m e s  t h a t  t h e  f e e d  i s  a l l  v a p o r  
a t  i t s  dew p o i n t  t e m p e r a t u r e .  T h e r e f o r e  i f  t h e  t o t a l  f e e d  
e n t h a l p y  i s  b e lo w  t h e  b u b b l e  p o i n t  r e f e r e n c e  e n t h a l p y ,  t h e  
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FIG 2 . Feed I n t o  The D i s t i l l a t i o n  Tower.
FIG 3 .  L i q u id  Feed
L n - l -




FIG 5 . F lash  Feed.
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t o t a l  f e e d  e n t h a l p y  i s  a b o v e  t h e  dew p o i n t  r e f e r e n c e  
e n t h a l p y .  S u p p o se d  t h e  t o t a l  f e e d  e n t h a l p y  i s  i n - b e t w e e n  
t h e  b u b b l e  p o i n t  and dew p o i n t  r e f e r e n c e  e n t h a l p y ,  t h e n  t h e  
f e e d  i s  a f l a s h  f e e d  w h ic h  c o n s i s t s  o f  b o t h  l i q u i d  and  
v a p o r  s t r e a m .
An e q u i l i b r i u m  f l a s h  f e e d  model  and  t h e  f l a s h  f e e d  
c a l c u l a t i o n  p r o c e d u r e  a r e  shown i n  A p pend ix  A.
T h e r e f o r e ,  t h e r e  e x i s t  t h r e e  k i n d s  o f  f e e d  c o n d i t i o n s  
i n t o  t h e  d i s t i l l a t i o n  co lum n f e e d  s t a g e .
(1) d o w n s t re am  f e e d  i s  a l l  l i q u i d ,  FIG 3 .
(2) d o w n s t ream  f e e d  i s  a l l  v a p o r ,  FIG 4 .
(3) d o w n s t re a m  f e e d  i s  f l a s h  f e e d  w h ich  c o n s i s t s  o f  b o t h
l i q u i d  and  v a p o r ,  FIG 5.
T h i s  c h a p t e r  h a s  o u t l i n e d  t h e  s t e a d y  s t a t e  c a l c u l a t i o n  
o f  t h e  d i s t i l l a t i o n  co lum n  w i t h  t h e  f l a s h  f e e d .  B a s e d  on 
t h e  s t e a d y  s t a t e  p r o f i l e  g e n e r a t e d  by t h e  s t e a d y  s t a t e  
c a l c u l a t i o n  p r o g r a m ,  t h e  m e c h a n i c a l  d e s i g n  o f  t h e  
d i s t i l l a t i o n  co lum n i s  d i s c u s s e d  i n  t h e  n e x t  c h a p t e r .
CHAPTER THREE 
HECHAHICAL DESIGN OF THE DISTILLATION COLOBH
The many a s p e c t s  o f  m e c h a n i c a l  d e s i g n  o f  a 
d i s t i l l a t i o n  co lum n a r e  e s s e n t i a l  t o  t h e  s t u d y  o f  t h e  
d y n a m ic  b e h a v i o r  o f  t h e  d i s t i l l a t i o n  t o w e r .  The m e c h a n i c a l  
d e s i g n  o f  t h e  d i s t i l l a t i o n  co lum n u s u a l l y  c o n s i s t s  o f  t h e  
t r a y  c o lu m n ,  r e b o i l e r ,  c o n d e n s e r  an d  r e f l u x  d rum.
The p u r p o s e  o f  t h i s  c h a p t e r  i s  t o  p r e s e n t  c o m p u t e r  
m e th o d s  t o  d e s i g n  e a c h  p a r t  o f  t h e  d i s t i l l a t i o n  t o w e r  b a s e d  
on t h e  s t e a d y  s t a t e  p r o f i l e  g e n e r a t e d  by  t h e  s t e a d y  s t a t e  
p ro g ram  o u t l i n e d  i n  c h a p t e r  t w o .  S i n c e  t h e  d e s i g n  
e q u a t i o n s  recommended i n  t h i s  c h a p t e r  h a v e  p r a c t i c a l l y  a l l  
b e en  u s e d  i n  t h e  a c t u a l  p l a n t  d e s i g n ,  t h e r e  i s  no a t t e m p t  
t o  p r e s e n t  t h e o r e c t i c a l  d e v e l o p m e n t s  o f  t h e  d e s i g n  
e q u a t i o n s .  Graph r e l a t i o n s h i p s  f o r  han d  c a l c u l a t i o n  
p u r p o s e s  a r e  c o r r e l a t e d  by SAS ( S t a t i s t i c a l  A n a l y s i s  
S ys tem )  (1979) i n t o  e q u a t i o n s  t o  u s e  i n  t h i s  c o m p u t e r  
d e s i g n .
T he  d i s t i l l a t i o n  co lum n  m e c h a n i c a l  d e s i g n  o p t i o n s  a r e  
a s  f o l l o w s  :
(A) r e b o i l e r
(1) k e t t l e  r e b o i l e r ,  v e r t i c a l  t b e r m o s y p h o n  r e b o i l e r
o r  f o r c e d  c i r c u l a t i o n  r e b o i l e r .
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C o lu m n
V apo r
E q u i v a l e n t  
l i q u id  
l e v e l ----- Liquid
H e a l in g  m e d iu m
H e a t in g  m e d iu m  
“Joul
FIG 6 . V e r t i c a l  Thermosyphon R e b o i l e r ,
V o p o r C o lu m n
Liquid 
product * O ut
I R e b o i l e r  l e e d
FIG 7 ,  K e t t l e  R e b o i le r
mxi— — ixh~
FIG 8 .  Force  C i r c u l a t i o n  R e b o i le r .
H-J
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(B) c o n d e n s e r
(1) t o t a l  c o n d e n s e r  o r  p a r t i a l  c o n d e n s e r .
(2) v e r t i c a l  c o n d e n s e r  o r  h o r i z o n t a l  c o n d e n s e r .
(C) h o r i z o n t a l  r e f l u x  drum
(1) drum f o r  t o t a l  c o n d e n s e r  o r  f o r  p a r t i a l  c o n d e n s e r .
(D) t r a y  co lum n
(1) s i n g l e  t r a y  d e s i g n  o r  t r a y  c o lu m n  d e s i g n .
(2) B a l l a s t  t r a y  d e s i g n e d  by t h e  G l i t s c h  company o r  
f l e x i t r a y  d e s i g n e d  by t h e  Koch com pany .
REBOILER DESIGN
The s c o p e  o f  t h e  d e s i g n  o f  r e b o i l e r s  i n  t h i s  r e s e a r c h  
i s  l i m i t e d  t o  v e r t i c a l  t h e r m o s y p h o n  r e b o i l e r ,  FIG 6 f f o r c e d  
c i r c u l a t i o n  r e b o i l e r ,  FIG 8 ,  and  k e t t l e  r e b o i l e r  FIG 7 .
The  v e r t i c a l  t h e r m o s y p h o n  r e b o i l e r  and  f o r c e d  
c i r c u l a t i o n  r e b o i l e r  a r e  v e r t i c a l  h e a t  e x c h a n g e r s  w i t h  
" c i r c u l a t i n g ” b o i l i n g  i n s i d e  t h e  t u b e s .  F low  t o  t h e  t u b e s  
i s  by n a t u r a l  o r  f o r c e d  c i r c u l a t i o n  an d  v a p o r i z a t i o n  i n s i d e  
t h e  t u b e s  i s  u s u a l l y  l e s s  t h a n  100%. The k e t t l e  r e b o i l e r  
i s  a  h o r i z o n t a l  h e a t  e x c h a n g e r  w i t h  " n o n - c i r c u l a t i n g ”
( p o o l )  b o i l i n g  o u t s i d e  t h e  t u b e s .  The a d v a n t a g e s  o f  
v e r t i c a l  t h e r m o s y p h o n  r e b o i l e r  a r e  t h a t  i t  i s  c a p a b l e  o f  
v e r y  h i g h  h e a t  t r a n s f e r  r a t e  an d  r e q u i r e s  c o m p a c t ,  s i m p l e  
p i p i n g .  F o r c e d  c i r c u l a t i o n  r e b o i l e r s  a r e  u s e d  f o r  v i s c o u s
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and  s o l i d s - c o n t a i n i n g  l i q u i d s .  The a d v a n t a g e  i s  t h a t  t h e  
c i r c u l a t i o n  r a t e  can  b e  c o n t r o l l e d  s o  t h a t  t h e  v a p o r  
b l a n k i n g  phenomena c a n  be  e l i m i n a t e d  t o  a  l a r g e  e x t e n t .
The m a i n t e n a n c e  a n d  c l e a n i n g  f o r  t h e  k e t t l e  r e b o i l e r  a r e  
e a s i e r ,  b u t  h e a t  t r a n s f e r  r a t e  i s  u s u a l l y  l o w e r  co m p a re d  t o  
t h e  o t h e r s .  The k e t t l e  r e b o i l e r  i s  u s e d  f o r  s m a l l  h e a t  
d u t y  o p e r a t i o n .
The d e s i g n  p r o c e d u r e s  f o r  t h e  v e r t i c a l  th e r m o s y p h o n  
r e b o i l e r ,  f o r c e d  c i r c u l a t i o n  r e b o i l e r  an d  k e t t l e  r e b o i l e r  
a r e  s u m m ar ized  i n  A p p e n d i c e s  B, C an d  D, r e s p e c t i v e l y .  The 
d e s i g n  r e s u l t s  were  v e r i f i e d  by c o m p a r i s o n  w i t h  t h e  r e s u l t s  
by Kern (1950) an d  Ludw ig  ( 1 9 7 7 ) .
To t a l  C o n d e n s e r  o r  P a r t i a l  C o n d e n s e r  D es ig n
F o r  s i n g l e  c o m p o n e n t  v a p o r ,  t h e  dew p o i n t  t e m p e r a t u r e  
i s  e g u a l  t o  t h e  b u b b l e  p o i n t  t e m p e r a t u r e .  I f  t h e  v a p o r  i s  a 
m u l t i - c o m p o n e n t  m i x t u r e ,  t h e  c o n d e n s a t i o n  o c c u r s  o v e r  a 
t e m p e r a t u r e  r a n g e .  The u p p e r  l i m i t  of  t h e  c o n d e n s i n g  r a n g e  
i s  t h e  dew p o i n t  t e m p e r a t u r e  o f  t h e  v a p o r  e n t e r i n g  t h e  
c o n d e n s e r .  For  a t o t a l  c o n d e n s e r ,  t h e  l o w e r  l i m i t  i s  t h e  
b u b b l e  p o i n t  t e m p e r a t u r e  o f  t h e  l i q u i d  l e a v i n g  t h e  
c o n d e n s e r .  However  f o r  a  p a r t i a l  c o n d e n s e r ,  t h e  l o w e r  l i m i t  
i s  s e t  by  t h e  d e s i g n  an d  i s  so m e w h ere  i n  b e tw e e n  t h e  i n l e t  
dew p o i n t  t e m p e r a t u r e  a n d  t h e  p s e u d o  b u b b l e  p o i n t  t e m p e r a t u r e
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w h ic h  a s s u m e s  t o t a l  c o n d e n s i n g  o f  t h e  i n l e t  v a p o r .
S i n c e  t h e  c o n d e n s i n g  o f  t h e  v a p o r  m i x t u r e  nay o c c u r  
o v e r  a  wide t e m p e r a t u r e  r a n g e ,  t h e  f r a c t i o n  o f  t h e  t o t a l  
h e a t  l o a d  d e l i v e r e d  d u r i n g  a f r a c t i o n a l  d e c r e a s e  i n  t h e  
v a p o r  t e m p e r a t u r e  n e e d  n o t  b e  u n i f o r m  o v e r  t h e  e n t i r e  
c o n d e n s i n g  r a n g e ,  and  t h i s  i n v a l i d a t e s  t h e  u s e  o f  t h e  
l o g a r i t h m i c  mean i e m n p e r a t u r e  d i f f e r e n c e  f o r  t h e  c o n d e n s e r  
d e s i g n .
The c o n d e n s i n g  c u r v e  i s  a  p l o t  o f  v a p o r  h e a t  c o n t e n t  
v e r s u s  v a p o r  t e m p e r a t u r e  o v e r  t h e  e n t i r e  c o n d e n s i n g  
t e m p e r a t u r e  r a n g e .  S i n c e  t h e  e q u i l i b r i u m  i n  t h e  c o n d e n s e r  
i s  a c t u a l l y  a d i f f e r e n t i a l  c o n d e n s i n g ,  t h e  c o n d e n s i n g  c u r v e  
can  b e  c o n s t r u c t e d  by d i v i d i n g  t h e  c o n d e n s i n g  t e m p e r a t u r e  
r a n g e  i n t o  s e v e r a l  t e m p e r a t u r e  g r i d  p o i n t s ,  a t  e a c h  g r i d  
t e m p e r a t u r e ,  t h e  f l a s h  c a l c u l a t i o n  m e th o d  o u t l i n e d  i n  t h e  
s e c o n d  c h a p t e r  i s  u s e d  t o  c a l c u l a t e  t h e  v a p o r  c o m p o s i t i o n  
and  t h e  v a p o r  h e a t  c o n t e n t .
The p e r c e n t a g e  r i s e  i n  t h e  t e m p e r a t u r e  o f  t h e  c o o l i n g  
medium a t  any  c r o s s  s e c t i o n  o f  t h e  s h e l l  i s  t a k e n  a s  
p r o p o r t i o n a l  t o  t h e  p e r c e n t a g e  o f  t h e  h e a t  l o a d  rem oved  from 
any c o n d e n s e r  c r o s s  s e c t i o n  t o  t h e  e x i t .  The w e i g h t e d  d e l t a  
T i s  t h e n  t h e  a v e r a g e d  t e m p e r a t u r e  d i f f e r e n c e  b e tw e e n  t h e  
c o n d e n s i n g  c u r v e  and  a  s t r a i g h t  l i n e  r e p r e s e n t i n g  t h e  
c o o l i n g  medium.
The d e s i g n  p r o c e d u r e  f o r  e i t h e r  t h e  t o t a l  c o n d e n s e r  o r
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p a r t i a l  c o n d e n s e r  i s  s u m m a r iz e d  i n  Appendix  E. The  d e s i g n  
r e s u l t s  w e re  v e r i f i e d  by c o m p a r i s o n  w i t h  t h e  r e s u l t s  b y  
K ern  (1950) an d  L u d v ig  ( 1 9 7 7 ) .
O p t im un  D e s ig n  Of R e f l u x  Drum F o r  P a r t i a l  C o n d e n s e r  
Or T o t a l  C o n d e n s e r  _______  ________________
B. S i g a l e s  (1975) p o i n t e d  o u t  t h a t  o r d i n a r i l y  t h e  
d i m e n s i o n s  o f  a  r e f l u x  drum o u s t  be f i x e d  t o  a l l o w e d  (1) 
d r o p l e t  d i s e n g a g e m e n t  i n  t h e  v a p o r  p h a s e ,  (2) en o u g h  
s u r g e  t i m e  f o r  t h e  l i g u i d  p h a s e  an d  (3) s e t t l i n g  o f  s m a l l  
a m o u n t  o f  a s e c o n d  h e a v y  l i g u i d  p h a s e ,  i f  t h e r e  i s  o n e .
F o r  t h e  p a r t i a l  c o n d e n s e r ' s  r e f l u x  drum, i n  t h e  v a p o r ,  
t h e  d r o p l e t  s e p a r a t i o n  i s  a t t a i n e d  by  l i m i t i n g  v a p o r  
v e l o c i t y  which c a n  b e  c a l c u l a t e d  by N e w t o n ' s  l a w .  Vapor  
f l o w  s e t s  t h e  minimum v a p o r  p a s s a g e  a r e a ,  i . e .  t h e  s e c t i o n  
f r e e  o f  l i g u i d .  T h i s  a r e a  s h o u l d  i n c l u d e  a  minimum 
c l e a r a n c e ,  hH a b o v e  t h e  h i g h  l i g u i d  l e v e l ,  FIG 9 ,  e g u a l  t o  
20% of  t h e  drum d i a m e t e r .
L i g u i d  s t r e a m  r e g u i r e s  a  minimum s u r g e  t i m e  i n  t h e  
drum t o  f a c i l i t a t e  c o n t r o l ,  a b s o r b  p r o c e s s  u p s e t s  an d  
f l u c t u a t i o n s ,  m a i n t a i n  s a f e  o p e r a t i o n ,  e t c .  S u r g e  t i m e  i s  
d e f i n e d  a s  t h e  t i m e  r e g u i r e d  t o  empty  t h e  v e s s e l  i f  i n f l o w  
i s  s t o p p e d .  S i g a l e s  s u g g e s t e d  t h a t  s u r g e  t i m e  i s  d e p e n d e n t  
on t h e  h o l d u p  b e t w e e n  t h e  h i g h  l i g u i d  l e v e l  Lh and low
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l i q u i d  l e v e l  L I ,  FIG 9 .  T h i s  a p p r o a c h  e x c l u d e s  t h e  l i q u i d  
b e l o v  L I ,  v h i c h  makes  f o r  a c o n s e r v a t i v e  d e s i g n .
TABLE 1 l i s t s  t h e  t y p i c a l  v a l u e s  s u g g e s t e d  by 
S i e g a l e s ;  b u t  o n l y  t h e  l a r g e r  vo lum e  s h o u l d  b e  u s e d .
TABLE 1. H o ldup  Of The B e f l u x  Drum.
I | H o ld u p  f ro m  Lh t o  1 1 ,  | 
I | MIN .  |
j . T o w e r  r e f l u x 5 I
1. P r o d u c t  t o  s t o r a g e 2 1
| . P r o d u c t  t o  h e a t  e x c h a n g e r ,  a l o n g 5 I
I w i t h  o t h e r  p r o c e s s  s t r e a m .
] .  P r o d u c t  t o  h e a t e r 10 |
I f  no  s e c o n d  l i q u i d  p h a s e  i s  t o  be  s e t t l e d ,  L I  i s  s i t u a t e d  
a b o v e  v e s s e l  b o t to m  a t  a  d i s t a n c e  D-hL e q u a l  t o  10% o f  t h e  
drum d i a m e t e r .  I f  p o s s i b l e ,  t h i s  d i s t a n c e  s h o u l d  be  g r e a t e r  
t h a n  5 i n c h e s .  T h i s  c i r c u l a r  s e g m e n t  o f  h e i g h t  10% o f  t h e  
d i a m e t e r  h a s  a n  a r e a  e q u a l  t o  5% o f  t h e  t o t a l  v e s s e l  c r o s s  
s e c t i o n a l  a r e a .
The opt imum d e s i g n  p r o c e d u r e s  o f  r e f l u x  drum f o r  
e i t h e r  t h e  t o t a l  c o n d e n s e r  o r  p a r t i a l  c o n d e n s e r  a r e  
s u m m a r i z e d  i n  A p p e n d ix  F .
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D es i g n  o f  S i n g l e  T r a y  o r  T r a y  C o l u mn
The d e s i g n  o f  i n d i v i d u a l  t r a y s  and  t r a y  co lum n u s e d  i n  
t h i s  r e s e a r c h  i s  b a s e d  on t h e  work p u b l i s h e d  by E conom opou los  
(1978)  -
I n  t r a y  co lum n d e s i g n ,  some d e c i s i o n s  m u s t  be made t o  
f i x  t h e  f o l l o w i n g  t r a y  d e s i g n  p a r a m e t e r s  :
(1) F lo o d  f a c t o r  and  weep f a c t o r .  Low f l o o d  f a c t o r s  a r e  
known t o  y i e l d  l a r g e  t r a y  s i z e s  and  i n c r e a s e d  t o w e r  
v o lu m e .  Low weep f a c t o r s  a r e  known t o  c a u s e  i n c r e a s e d  
t o w e r  h e i g h t  o r  u n d e s i r a b l y  h i g h  p r e s s u r e  d r o p .
(2) Weir  h e i g h t ,  d e c k  t h i c k n e s s  and  t r a y  h o l e  d i a m e t e r .
(3) Maximum t r a y  p r e s s u r e  d r o p .
(4) Sys tem  d e r a t i n g  f a c t o r ,  d e p e n d s  on t h e  f o a m in g  t e n d e n c y  
o f  t h e  s y s t e m .
(5) T r a y  s p a c i n g ,  i s  u s e d  f o r  t h e  i n i t i a l  s i z i n g  o f  e a c h  
t r a y  i n  t h e  c o lu m n .
In  t h i s  r e s e a r c h ,  t h e  B a l l a s t  t r a y  o f  G l i t s c h  Company an d  
t h e  F l e x i t r a y  o f  t h e  Koch Company a r e  u s e d  f o r  t h e  t r a y  
c o lum n  d e s i g n .  The w o r k i n g  e q u a t i o n  s e t  and  t h e  d e s i g n  
p r o c e d u r e s  a r e  s u m m a r iz e d  i n  A p p e n d ix  G. The d e s i g n  
r e s u l t s  were  v e r i f i e d  by c o m p a r i s o n  w i t h  t h e  r e s u l t s  i n  t h e  
" B a l l a s t  T r a y  D e s ig n  M anual"  ( 1 9 7 0 ) .
I n  o r d e r  t o  a n a l y z e  t h e  d y n a m i c s  o f  t h e  d i s t i l l a t i o n
c o lu m n ,  i t  i s  a l s o  n e c e s s a r y  t o  h av e  a  d y n a m ic  model  
b e s i d e s  t h e  s t e a d y  s t a t e  c a l c u l a t i o n s  a n d  t h e  m e c h a n i c a l  
d e s i g n  o f  t h e  d i s t i l l a t i o n  c o lu m n .  I n  t h e  n e x t  c h a p t e r ,  a 
g e n e r a l i z e d  d i s t i l l a t i o n  p r e s s u r e  model  i s  d e r i v e d  b o t h  i n  
t h e  t i m e  d om ain  an d  t h e  L a p l a c e  d o m a in .
CHAPTEB FOOK
DYNAMIC MATHEMATICAL MODELING OF THE DISTILLATION COLPMN
I n  t h i s  c h a p t e r ,  t h e  d y nam ic  m odel  o f  t h e  d i s t i l l a t i o n  
c o lu m n  i s  d e r i v e d  m a t h e m a t i c a l l y  i n  a v e r y  g e n e r a l  m anner .  
B e s i d e s  t h e  c o n d e n s e r  a n d  t h e  r e b o i l e r ,  e a c h  t r a y  o f  t h e  
d i s t i l l a t i o n  co lu m n  may h a v e  l i g u i d  and  v a p o r  f e e d ,  l i g u i d  
and  v a p o r  s i d e s t r e a m  and  i n t e r - s t a g e  h e a t e r  o r  c o o l e r .  The 
c o n d e n s e r  i s  d e f i n e d  t o  b e  t h e  f i r s t  s t a g e  a n d  t h e  r e b o i l e r  
i s  d e f i n e d  t o  b e  t h e  l a s t  s t a g e  j  o f  t h e  d i s t i l l a t i o n  
c o lu m n .
The d e r i v a t i o n s  a r e  d i v i d e d  i n t o  t h e  f o l l o w i n g  s i x  
p a r t s  :
(1) G e n e r a l  a s s u m p t i o n s .
(2) P h y s i c a l  p r o p e r t i e s .  The  p h y s i c a l  p r o p e r t i e s  a r e  
l i n e a r i z e d  a n d  L a p l a c e  t r a n s f o r m e d .  T h e s e  p h y s i c a l  
p r o p e r t i e s  i n c l u d e  :
(a) E n t h a l p y  o f  t h e  v a p o r  m i x t u r e .
(b) E n t h a l p y  o f  t h e  l i g u i d  m i x t u r e .
(c) E n t h a l p y  o f  t h e  f e e d  v a p o r .
(d) E n t h a l p y  o f  t h e  f e e d  l i g u i d .
(3) E g u i l i b r i u m  r e l a t i o n s h i p s .  Each e g u i l i b r i u m  
r e l a t i o n s h i p  i s  l i n e a r i z e d  and  L a p l a c e  t r a n s f o r m e d .
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d e r i v e d  m a t h m a t i c a l l y  i n  t h e  t i m e  d o m a in .  T h e n ,  a l l  
t h e  e q u a t i o n s  a r e  l i n e a r i z e d  a n d  L a p l a c e  t r a n s f o r m e d .
(5) A c o n d e n s e r  i s  f i r s t  d e r i v e d  m a t h e m a t i c a l l y  i n  t h e  t i m e  
d o m a in .  T h e n ,  a l l  t h e  e q u a t i o n s  a r e  l i n e a r i z e d  and 
L a p l a c e  t r a n s f o r m e d .
(6) A r e b o i l e r  i s  d e r i v e d  m a t h e m a t i c a l l y  f i r s t  i n  t h e  t i m e  
d o m a in .  T h e n ,  a l l  t h e  e q u a t i o n s  a r e  l i n e a r i z e d  and 
L a p l a c e  t r a n s f o r m e d .
A t y p i c a l  d i s t i l l a t i o n  co lu m n  w i t h  t o t a l  c o n d e n s e r  and
r e b o i l e r  i s  s k e t c h e d  i n  FIG 10-
G e n e r a l  A s s u m p t i o n s  F o r  The  Dynamic D i s t i l l a t i o n  Column
(1) T r a y  v a p o r  h o l d u p s  a r e  n e g l i g i b l e  i n  c o m p a r i s o n  w i t h  
t h e  l i q u i d  h o l d u p s .
(2) A d i a b a t i c  d i s t i l l a t i o n  co lum n  o p e r a t i o n ,  i . e . ,  no  h e a t
i s  g a i n e d  o r  l o s t  t h r o u g h  t h e  c o lu m n  w a l l .
(3) P e r f e c t  m ix in g  i s  a s su m ed  f o r  t h e  v a p o r  and  l i q u i d  on
e a c h  t r a y ,  i n  t h e  r e f l u x  drum,  a t  t h e  co lu m n  b a s e ,  and
i n  t h e  c o o l a n t  a n d  s t e a m  s i d e  o f  t h e  h e a t  e x c h a n g e r .
(4) L e v e l  c o n t r o l  was a c h i e v e d  i n  b o t h  t h e  r e f l u x  drum and
t h e  d i s t i l l a t i o n  t o w e r  b a s e .  ( i . e .  no o c c u r a n c e  o f
o v e r f l o w  o r  r u n n i n g  d r y ) .
(5) F o r  t h e  s t e a d y  s t a t e  m o d e l ,  l i n e a r  p r e s s u r e  d r o p  i s
a s su m e d  f rom  t h e  b o t t o m  t o  t h e  t o p  o f  t h e  d i s t i l l a t i o n
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c o lu m n .
(6) I d e a l  v a p o r  -  l i q u i d  e q u i l i b r i u m  r e l a t i o n s h i p  i s  
a s su m e d  t o  o b e y  B a o u l t ' s  l a w .
(7) The c o n v e c t i v e  h e a t  t r a n s f e r  c o e f f i c i e n t s  o f  t h e  h e a t  
e x c h a n g e r  a r e  a s s u m e d  t o  be c o n s t a n t .
(8) The  l i q u i d  an d  v a p o r  d e n s i t y  on e a c h  t r a y ,  a t  t h e  
c o lu m n  b a s e ,  and  i n  t h e  r e f l u x  drum a r e  a s su m ed  t o  be 
c o n s t a n t .
(9) V apor  i n  t h e  r e f l u x  drum i s  a s su m e d  t o  b e  a  p e r f e c t  g a s  
a n d  h a s  t h e  s a m e  t e m p e r a t u r e  a s  t h e  v a p o r  l e a v i n g  t h e  
c o n d e n s e r .
(10) Dynam ics  o f  c o m p o n e n t  m a t e r i a l  b a l a n c e  and e n t h a l p y  
b a l a n c e  o f  v a p o r  s p a c e  i n  r e f l u x  drum a r e  n e g l i g i b l e .
(11) The t r a y s ,  c o n d e n s e r  and  r e b o i l e r  a r e  made o f  t h e  same
m a t e r i a l .
(12) F o r  e a c h  a c t i v e  t r a y ,  t h e  l i q u i d  i n l e t  h e i g h t  o v e r  w e i r  
i s  t h e  same a s  t h e  o u t l e t  h e i g h t  o v e r  w e i r .  i . e .  t h e  
l i q u i d  h e a d  g r a d i e n t  a c r o s s  t h e  a c t i v e  t r a y  i s  
n e g l i g i b l e .
(13) The  v a p o r  i n  t h e  c o n d e n s e r  i s  a s su m ed  t o  b e  a  p e r f e c t
g a s  a n d  i n  p h a s e  e q u i l i b r i u m  w i t h  t h e  l i q u i d  l e a v i n g
t h e  c o n d e n s e r .
(14)  L i q u i d  an d  v a p o r  h o l d u p  i n  t h e  c o n d e n s e r  i t s e l f  i s  
n e g l e c t e d .
(15)  The l i q u i d  i n  t h e  d o vncom er  i s  n o t  a e r a t e d .
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E q u i l i b r i u m  r e l a t i o n s h i p s
V apor  -  l i q u i d  e q u i l i b r i u m  r e l a t i o n s h i p  i s  assum ed  t o  
obey  R a o u l t * s  l a m .
s
Y P
x f n x f it
k       f  (t  ,  p  ) ( a .  1)
i , n  X P n n
i , n  n
She r e  :
P : p r e s s u r e ,  P S I ,  o f  t r a y  n .
n
s
P : s a t u r a t e d  v a p o r  p r e s s u r e ,  P S I ,  o f  c o m p o n e n t  i  a t
i , n
t r a y  n .
ANTB
S f i  1
P = 0 . 0 1 9 3 3 6 8  * 1 EXP (ANTA ) J
i . n  I i  (T / 1 .8 )  ♦ 2 5 5 . 5 5 * AHTC J
n i
I*.2)
ANTA , ANTB , ANTC : s a t u r a t e d  v a p o r  p r e s s u r e  c o e f f i c i e n t  
i  i  i
o f  p r o c e s s  c o m p o n e n t  i .
T :  t e m p e r a t u r e ,  F ,  on t r a y  n. 
n
I n  L a p l a c e  d o m a i n ,  e q u i l i b r i u m  r e l a t i o n s h i p s  a r e  g i v e n
by :
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K (s) = C 1 *T (s )  + C8 *P (s) (4 .3 )
i , n  i , n  n i , n  n
w h e re  :
3 K ANTB
i #n 0 . 0 1 0 7 4 2 7  f i  \
C1 =      EXP 1 ANTA -  - 2 ---------------------------------1*
i , n  9T P [ i n  J
n n n
 + 2 5 5 . 5 5  + ANTC
1 .8  i
f  ANTB )
I i  I
, _ _ _ -----------------------------------------  ,
i n  72 i
t i n  | |
| j  + 2 5 5 .5 5  + ANTC 1 |
I I 1-8 i ]  J
3 K ANTB
i , n  - 0 . 0 1 9 3 3 6 8  f i  1
C8  -  EXP | ANTA z-------------------------------------------------- I
i , n  9P _ 2  i  T J
n P n
n   ♦ 2 5 5 . 5 5  + ANTC
1 . 8  i
( 4 .4 )
P h y s i c a l  P r o p e r t i e s
(1) e n t h a l p y  o f  t h e  v a p o r  m i x t u r e .
The e n t h a l p y  o f  t h e  v a p o r  m i x t u r e  i s  a s su m ed  t o  h a v e  
t h e  f o l l o w i n g  fo rm  :
2 3 4
HV = 5  ( a ♦ a *T + a *T + a *T ♦ a * T ) Y  
n i  1 , i  2 ,  i  n 3 , i  n 4 , i  n 5 , i  n i , n
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2 3 4
= Z( a ♦ a *T ♦ a * T + a  *T ♦ a *T ) * 
i  1 , i  2,  i  n 3 , i  n 4 , i  n 5 , i  n
K * X (4 .5 )
i , n  i , n
I n  L a p l a c e  t r a n s f o r m a t i o n  n o t a t i o n ,
HV (s) = 5C2 *K (s) ♦ 5C3 *X (s)  + C4 *T (s)  
n i  i , n  i , n  i  i , n  i , n  n n
(4 .6 )
w h e r e  :
  _  2 3 _ 4 _
C2 = ( a  + a *T ♦ a *T a *T + a *T ) X 
i , n  1 , i  2 , i  n 3 , i  n 4 , i  n 5 ,  i  n i , n
2 3 _4
C3 = ( a  + ■ a *T + a *T + a *T + a * T ) K
i , n  1 , i  2 #i  n 3 , i  n 4 , i  n 5 , i  n i , n
2 _  3 _
C4 = £ (  a +2* a *T +3* a *T *4* a *T ) *X *K
n i  2 , i  3 , i  n 4 , i  n 5 , i  n i , n  i , n
(4 .7 )
S u b s t i t u t e  t h e  K (s)  i n  ( 4 .6 )  by ( 4 . 3 ) ,  t h e n ,
i ,  n
HV (S) = (5C2 * C1 + C4 ) *  T (s) «• 2C3 *X (s)
n i  i , n  i , n  n n i  i , n  i , n
♦ 1C2 * C8 * P (s)  ( 4 .8 )
i  i , n  i , n  n
(2) e n t h a l p y  o f  t h e  l i q u i d  m i x t u r e
The e n t h a l p y  o f  t h e  l i q u i d  m i x t u r e  i s  a s su m e d  t o  h a v e
t h e  f o l l o w i n g  fo rm  :
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2 3 4
HL = Z(  4> ♦ 4> *T ♦ 0 *T ♦ 4> *T ♦ <J) *T +
n i  1 , i  2,i n 3 , i  n 4 , i  n 5, i  n
5
4> *T ) *X ( 4 .9 )
6 , i  n i , n
I n  L a p l a c e  t r a n s f o r m a t i o n  n o t a t i o n  :
HL (S) = C6 * T (s) + ZC7 ♦ X (s) ( 4 .1 0 )
n n n i  i , n  i , n
whe r e  :
2 3 _ 4 _
C6 = Z ( 4> *2*cp *T +3* (J> *T +4*(j) *T +5* (J) *T )X
n i  2 , i  3 , i  n  4 , i  n 5 , i  n 6 , i  n i , n
2 3 _  4 5
C7 = ^ *T ♦ $ *T + 4> *T + 4> *T + 4> *T
i , n  1 , i  2 , i  n 3 , i  n 4 , i  n 5 , i  n 6 , i  n
(^ -1 1 )
(3) e n t h a l p y  o f  f e e d  l i g u i d  m i x t u r e
The e n t h a l p y  o f  t h e  f e e d  l i g u i d  m i x t u r e  i s  assum ed  t o  
h a v e  t h e  f o l l o w i n g  form  :
2 3 4
HFL = Z(4> * 4> *TF + <j> *TF + <f> *TF + (j) *TF +
n i  1 , i  2 , i  n 3 , i  n 4 , i  n 5 , i  n
5
(j, *TF ) * ZL ( 4 .1 2 )
6 , i  n i , n
I n  L a p l a c e  t r a n s f o r m a t i o n  n o t a t i o n  :
HFL (S) = C6F * TF (s)  ♦ 5C7F * ZL (s) ( 4 .1 3 )
n n n i  i , n  i , n
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w h e re  s
      2   3   4
C6F = 2 ( ( j ,  +2* «J) *TF *3*(f,  * T F  +4* <j> *TF +5* <(> *TF )
n i  2 , i  3 , i  n 4 , i  n 5 , i  n 6 , ±  n
* ZL
i , n
      2  3______ __  4
C7F = $ + $ *TF + 4> *TF ♦ <{> *TF + <f> *TF ♦
i , n  1 , i  2 r i  n 3,  i  n 4 #i  n 5 , i  n
5
<j) *TF
6 , i  n (4 .1 4 )
(3) e n t h a l p y  o f  f e e d  v a p o r  m i x t u r e
The e n t h a l p y  o f  t h e  f e e d  v a p o r  m i x t u r e  i s  a s sum ed  t o  
h a v e  t h e  f o l l o w i n g  fo rm  :
2 3 4
HFV = 2 (  a + a  *TF + a  *TF + a *TF ♦ a  *TF ) *
n i  1 , i  2 » i  n 3 # i  n 4 , i  n 5 , i  n
ZV ( 4 .1 5 )
i # n
I n  L a p l a c e  t r a n s f o r m a t i o n  n o t a t i o n  :
HFV (S) = C2F * TF ( s )  + 5C3F * ZV (s) ( 4 .1 6 )
n n n i  i #n i „ n
whe r e  :
  __  2  3__ __
C2F = Z (  a + 2*a  *TF +3*a *TF +4* a *TF )a * ZV 
n i  2 , i  3 , i  n 4 , i  n  5 , i  n i , n
      2   3 __ 4
C3F = a  + a * t f  + a *T F + a *TF + a *TF
i , n  1 , i  2 ,  i  n 3 , i  n 4 , i  n 5 , i  n
( 4 . 1 7 )
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Ge n e r a l i z e d  Eq u i l i b r iu m  T r a y
A g e n e r a l i z e d  n t h  t r a y  i s  shown i n  FIG 11 .  The 
e q u a t i o n s  which d e s c r i b e  t h e  d y n a m ic  b e h a v i o r  o f  t h e  n t h  
t r a y  i n  t h e  t i m e  d om ain  a r e  l i s t e d  b e lo w  :
(1) T o t a l  m a t e r i a l  b a l a n c e  
dH
n
----------  = L + V ♦ F I  + FV -  (L + SSL ) -  (V + SSV )
d t  n -1  n+1 n n n n n n
( 4 .1 8 )
(2) Component m a t e r i a l  b a l a n c e s
d
 (M * X ) = (L * X ) + (V * Y ) + (FL * ZL )
d t  n  i , n  n - 1  i , n - 1  n+1 i , n + 1  n i , n
+ (FV * ZV ) -  (L + SSL ) *  X -  (V + SSV ) *  Y
n i , n  n n i , n  n n i ,  n
( 4 .1 9 )
(3) E n t h a l p y  b a l a n c e
dT
a  n
 (HL * M ) ♦ fl * CMC *    (HL *L )+(HV *V )
d t  n n n d t  n - 1  n -1  n + 1 n+1
+ (HFL *FL ) ♦ (HFV *FV ) -  HL (L +SSL ) -  HV (V +SSV ) +Q 
n n  n n  n n n  n n n n
( 4 .2 0 )
(4) E q u i l i b r i u m  r e l a t i o n s h i p s .
Y = K * X (i*.21)





K  -------------  ( U . 22)
i ,  n P
n
(5) Summation e q u a t i o n s .
2  X = 1 . 0  {4 .23)
i  i , n
T  Y = 1 . 0  (4 .  24)
i  i , n
(6) Feed  s p l i t  e q u a t i o n s .
F = FL + FV (4 .2 5 )
n n n
Z * F = ZL * FL ♦ ZV * FV (4 .2 6 )
i , n  n i , n  n i r n n
HF * F = HFL * FL + HFV * FV (4 .2 7 )
n n n n n n
(7) T h e r m a l  p r o p e r t i e s
HL = f  (T # X ) ( 4 .2 8 )
n n i  , n
HV = f  (P ,  T ,  X ) ( 4 .2 9 )
n n n i , n
(8) T r a y  h y d r a u l i c s .
(a)  dovncom er  l i q u i d  l e v e l .
The m a t e r i a l  b a l a n c e  f o r  t h e  d o v n c o m er  l i q u i d  i s ,  
dHDC
n
PDC * ADC * ---------------= H -  HDC ( 4 .  30)
n n d t  n - 1  n
w here  :













FIG 1 2 . D is t i l la t io n  Tray Schematic For Flows And Liquid E levation U>
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H : o v e r f l o w ,  LBH/SEC, f ro m  t r a y  n -1  i n t o  t h e  
n-1
d o v n c o m e r .
pDC : l i q u i d  d e n s i t y  i n  d o v n c o m e r ,  LBM/FT**3,  assum e  
n
t h e  d e n s i t y  d o e s n o t  v a r y .
ADC : dovncom er  c r o s s  s e c t i o n a l  a r e a ,  FT**2,  t r a y  n .
n
HDC : l i q u i d  h e i g h t  i n  d o v n c o m e r ,  FT, t r a y  n .  
n
CJo) dovncom er  p r e s s u r e  d r o p  an d  f l o w .
The  d o vncom er  p r e s s u r e  i s  d e t e r m i n e d  b y  t h e  d i f f e r e n c e  
b e tw e e n  t h e  l i q u i d  h e a d s  and  s t a t i c  h e a d s .
9  • 'A PDC   {pDC * HDC -  p TR * HTR ) -  (P -  P )
n g  n  n n n n n -1
c
(4 .3 1 )
w here  :
APDC : d o v n co m er  p r e s s u r e  d r o p ,  LBF/FT**2,  t r a y  n .  
n
pTR : d e n s i t y  o f  a e r a t e d  l i q u i d  on t r a y  n ,  LBM/FT**3. 
n
HTR' : h e i g h t ,  FT, o f  a e r a t e d  l i q u i d  on t r a y  n j u s t  
n
d o w n s t r e a m  o f  t h e  i n l e t  v e i r .
P* : p r e s s u r e ,  LB F/FT**2 ,  a b o v e  l i q u i d  on t r a y  n - 1 .  
n - 1
P # : p r e s s u r e ,  LB F /F T**2 , on t r a y  n .  
n
The l i q u i d  f l o w  p r e s s u r e  d r o p  u n d e r  t h e  d o vncom er  a p r o n
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i s  g i v e n  by Van H i n k l e  (1967)  a s  f o l l o v s  :
2
0 . 0 3  * QDC
n
ha  ----------------------------  ( a .  32)
n 2
(100 * ADM ) 
n
w h e re  :
hd : l i q u i d  h e a d  i n  i n c h e s  o f  l i q u i d  f l o w  p r e s s u r e  
n
d r o p  t h r o u g h  t h e  d o u n c o o e r ,  t r a y  n.
QDC : d o vncom er  f l o w ,  GPM, t r a y  n.  
n
ADH : f r e e  a r e a  f o r  l i q u i d  f lo w  u n d e r  t h e  dovncom er  
n
a p r o n ,  FT**2 ,  n o r m a l  t r a y  c o n s t r u c t i o n  p r a c t i c e  
y i e l d s  a p p r o x i m a t e l y  0 . 4 2  o f  t h e  downcomer  a r e a .
The ab o v e  e q u a t i o n  c a n  be  r e - w r i t t e n  t o  be :
hd
n g
A PDC = pDC * ( --------- ) ( ------- )
n n 12 g
c
2
0 .0 5 0 3 6  * HDC
n g
 ------------------------------ * ---------  ( 4 .3 3 )
2 g




HDC = 4 . 4 5 6  * ADM * /APDC * p DC * -------  ( 4 .3 4 )
n n /  n n g
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(c)  A e r a t e d  l i q u i d  h o l d u p  and  g r a d i e n t  on t r a y
With  r e f e r e n c e  t o  FIG 12,  a  l i n e a r  g r a d i e n t  a c r o s s  t h e
t r a y  c a n  b e  a s s u m e d ,
VTR (HOW + HW ) ♦ HTR'
n n n n




VTR : v o lu m e ,  FT**3 ,  o f  a e r a t e d  l i q u i d  on  a c t i v e  a r e a  
n
o f  t r a y  n .  (dovncom er  a r e a  e x c l u d e d ) .
ATR : a c t i v e  a r e a  o f  t r a y  n ,  FT**2. 
n
HOW : h e i g h t ,  FT, o f  c r e s t  o f  l i q u i d  a b o v e  t h e  o u t l e t  
n
w e i r ,  t r a y  n .
HW : h e i g h t ,  FT, o f  o u t l e t  w e i r ,  
n
(d) i n l e t  l i q u i d  h e i g h t  o v e r  w e i r .
Assume t h a t  t h e  c h a n g e  i n  i n l e t  w e i r  h e i g h t  o v e r  w e i r
i s  t h e  sam e a s  t h e  c h a n g e  i n  o u t l e t  h e i g h t  o v e r  w e i r .
HTR' = HH + HOW ( 4 .3 6 )
n n n
(e) volume o f  l i q u i d  on  a c t i v e  t r a y .
WTR
n
VTR  ----------- ( 4 .3 7 )
n pTR
n
w h e r e  :
HTR : h o l d u p  o f  a c t i v e  t r a y  n ,  LBN. 
n
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( f )  a c t i v e  t r a y  t o t a l  m a t e r i a l  b a l a n c e .
The t o t a l  m a t e r i a l  b a l a n c e  f o r  a c t i v e  t r a y  i s  g i v e n  b y :  
dWTfi
n
------------- = HDC -  H ♦ WFL + WFV -  HSSL -  HSSV + HV -  WV
d t  n n n n n n n+1 n
( 4 .3 8 )
where  :
W : o v e r f l o w ,  LBM/SEC, f rom  t r a y  n .  
n
HFL : f e e d  l i q u i d ,  LBM/SEC, t o  t r a y  n .  
n
HFV : f e e d  v a p o r ,  LBM/SEC, t o  t r a y  n .  
n
HSSL : s i d e s t r e a m  l i q u i d ,  LBM/SEC, f ro m  t r a y  n .  
n
HSSV : s i d e s t r e a m  v a p o r ,  LBM/SEC, f rom  t r a y  n .  
n
WV : v a p o r  r a t e ,  LBM/SEC, l e a v e s  t r a y  n + 1 .  
n + 1
(g) a e r a t e d  l i q u i d  d e n s i t y  a s  a f u n c t i o n  o f  v a p o r  v e l o c i t y .
I n  t h e  a c t i v e  a r e a ,  t r a y  a c t i o n  i s  c h a r a c t e r i z e d  by
t h e  f r o t h .  The o b s e r v a b l e  h e i g h t  o f  t h i s  m ass  i s
d e s i g n a t e d  a s  h f  .  The d e n s i t y  o f  t h e  m ass  v a r i e s
n
w i t h  h e i g h t ,  b e i n g  g r e a t e s t  n e a r  t h e  t r a y  f l o o r ;
h o w e v e r ,  i t  i s  c o n v e n i e n t  t o  u t i l i z e  a  h e i g h t  a v e r a g e
d e n s i t y  pTR .  T h e r e  i s  a l s o  a n  e f f e c t i v e  h y d r o s t a t i c  
n
h e a d  o f  t h e  a e r a t e d  mass  h i  ,  which  c o u l d  be  m e a s u re d
n
by a  f l o o r  m a n o m e te r .  I f  t h e  w e i g h t  o f  t h e  v a p o r
p o r t i o n  o f  t h e  mass  i s  n e g l e c t e d ,  h i  i s  t h e  s e t t l e d
n
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h e i g h t  o f  t h e  c l e a r  l i q u i d ,  h a v i n g  a  c l e a r  l i q u i d
d e n s i t y  o f  pL .  A r e l a t i v e  f r o t h  d e n s i t y ,  <j> F ,  c a n  be 
n n
d e f i n e d  a s  f o l l o w s  :
h i  PTR
n n
tjjp  ----------S ' ------------  ( 4 . 3 9 )
n h f  PL
n n
Van H i n k l e  (1967)  p r e s e n t s  a  p l o t  w h ich  sh o w s  t h a t  f r o t h
d e n s i t y  d e c r e a s e s  w i t h  an i n c r e a s e  i n  v a p o r  r a t e .  The
p l o t  i s  a  r e l a t i o n s h i p  f o r  s i e v e  t r a y ' s  f r o t h  d e n s i t y
. v s .  k i n e t i c  e n e r g y  p a r a m e t e r ,  F ,  and t h e  c o r r e l a t i o n
n
i s  a s  f o l l o w s  :
2 3
4>F = 0 . 9 5 4  -  1 . 238*F + 0 .6 8 2 * F  -  0 .1 2 7 2 + F  ( 4 .4 0 )
n n n n
From e q u a t i o n  ( 4 . 4 1 ) ,
2 3
pTR = ( 0 . 9 5 4 -  1 .238+F ♦ 0 .682+F  -  0 .1 2 7 2 + F  ) *  P i
n n n n n
(4 .4 1 )
The k i n e t i c  e n e r g y  p a r a m e t e r  i s  d e f i n e d  a s ,
0 . 5
F = UVA * pV 
n n n
HV
n - 0 . 5




w h e re  :




ATE * pV 
n n
V : v a p o r  d e n s i t y ,  LBH/FT**3,  c o r r e s p o n d s  t o  HV . 
n n
(h) l i q u i d  o v e r f l o w  f r o m  t r a y .
The F r a n c i s  H e i r  f o r m u l a  c a n  be w r i t t e n  as
3 / 2
0 = pTR * (KK * HOW ) (4 .4 3 )
n n n n
where  :
KK : a  c o n s t a n t  f o r  an y  g i v e n  w e i r  
n
- 1 . 5
= 3 . 0 3 5 8 8  * 1W * FW 
n n
LH : w e i r  l e n g t h ,  FT.
n
FH : w e i r  c o r r e c t i o n  f a c t o r ,  
n
( i )  d r y  h o l e  p r e s s u r e  d r o p .
I n  t h e  f r e q u e n c y  a n a l y s i s  o f  d i s t i l l a t i o n  co lum n  i n  
t h i s  r e s e a r c h ,  t h e  B a l l a s t  t r a y  d e s i g n e d  b y  t h e  G l i t s c h  
company i s  u s e d .  The p r e s s u r e  d r o p  o f  G l i t s c h ' s  
B a l l a s t  t r a y  i s  a  f u n c t i o n  o f  v a p o r  an d  l i q u i d  r a t e s ,  
t y p e ,  m e t a l  d e n s i t y ,  a n d  t h i c k n e s s  o f  t h e  v a l v e ,  w e i r  
h e i g h t  and  w e i r  l e n g t h .  A t  low t o  m o d e r a t e  v a p o r  r a t e s .
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when t h e  v a l v e s  a r e  n o t  f u l l y  o p e n e d ,  t h e  d r y  t r a y  
p r e s s u r e  d r o p  i s  p r o p o r t i o n a l  t o  t h e  v a l v e  w e i g h t  and  
i s  e s e n t i a l l y  i n d e p e n d e n t  o f  t h e  v a p o r  r a t e .  At v a p o r  
r a t e s  s u f f i c i e n t l y  h i g h  t o  open  t h e  v a l v e s  f u l l y ,  t h e  
d r y  t r a y  p r e s s u r e  d r o p  i s  p r o p o r t i o n a l  t o  t h e  s q u a r e  o f  
t h e  v a p o r  v e l o c i t y  t h r o u g h  t h e  o r i f i c e .  The f o l l o w i n g  
e q u a t i o n s  a r e  recommended by t h e  G l i t s c h  d e s i g n  m anua l  
4 9 0 0 ,  ( 1 9 7 0 ) .
( i . 1 )  t r a y  v a l v e  u n i t  p a r t  o p e n e d .
2 1 9APDRY = ( 1. 35*tm * Pm + Kl* Oh * PV ) (----- ) ( ------- )
n - 1  n - 1  n - 1  n -1  n 12 g
c
(4 .4 4 )
( i .  2) t r a y  v a l v e  u n i t  f u l l y  o p e n e d .
2 1 g
Ap d RY = (K2* Oh * p V ) ( --------) ( --------) (4 -4 5 )
n -1  n - 1  n 12 g
c
R h ere  :
APDRY7 : d r y  h o l e  p r e s s u r e  d r o p  f o r  t r a y  n - 1 ,  LBF/FT**2.  
n - 1
tm : B a l l a s t  t r a y  v a l v e  t h i c k n e s s ,  IN ,  o f  t r a y  n - 1. 
n - 1
pm : v a l v e  m e t a l  d e n s i t y ,  LB /FT**3 ,  o f  t r a y  n - 1 .  
n -1
K l ,  K2 : p r e s s u r e  d r o p  c o e f f i c i e n t s ,  d e f i n e d  by G l i t s c h
d e s i g n  m a n u a l  4 9 0 0 ,  (1970) .





-----------------------  ( 4 .4 6 )
pV * AH 
n n - 1
( j )  t o t a l  t r a y  p r e s s u r e  d r o p .
( B a l l a s t  t r a y ,  V-1 t y p e .  Gage 14 t h i c k n e s s ,  c a r b o n  s t e e l )
\ p t r '  = p ' -  p '  
n -1  n n -1
H
g n -1  2 / 3
= A PDEY' + 0 .3 7 2 7 8 7  (-------) ( ------------------------- ) * PL
n -1  g LW * pL n -1
c  n -1  n -1
g
♦ 0 . 4  * HW * p L * ( ) ( 4 .4 7 )
n -1  n -1  g
c
w h e re  : 
l '
n -1
APTR/ s t o t a l  t r a y  p r e s s u r e  d r o p  f o r  t r a y  n - 1 ,  
LB F /F T**2 .
P : p r e s s u r e ,  LBF/FT**2,  o f  t r a y  n - 1 .  
n
HW : w e i r  h e i g h t ,  FT,  o f  t r a y  n - 1 .  
n - 1
LW : w e i r  l e n g t h ,  FT, o f  t r a y  n - 1 .  
n-1
(k) s t e a d y  s t a t e  downcomer  b a c k u p .
T he  c l e a r  l i q u i d  h e i g h t  i n  t h e  downcomer i s  e g u a l  t o
t h e  h e i g h t  o f  l i q u i d  i m m e d i a t e l y  o u t s i d e  t h e  dovncomer
(HW +HOW ) i n c r e a s e d  by t h e  h e a d  l o s s  o f  t h e  l i q u i d  
n n




HDC = HW + ( h t  + hd ) * ( -------------------------)
n n n n p L - p V
n n+1
W
n 2 / 3
+ 0 . 3 7 2 7 8 7  * ( ------------------ ) (4
LW * p L 
n n
Where :
hd : l i q u i d  h e a d  i n  FT o f  l i q u i d  f l o w  p r e s s u r e  d r o p  
n
t h r o u g h  t h e  downcomer.  ( 4 .3 2 )
h t  : t o t a l  p r e s s u r e  d r o p  i n  FT o f  l i q u i d ,  
n
(1) s t e a d y  s t a t e  t r a y  h o l d u p .
« '  = pDC * (ADC *HDC ) ♦ (ATR *(HW ♦ HOW ) )* p T R
n n n n  n n n  n
(4
w h e re  :
S '  : h o l d u p  o f  t r a y  n ,  LBS. 
n
(9) p r e s s u r e  d r o p  t h r o u g h  t h e  t r a y .
aptr  = P -  P
n - 1  n n - 1
W
g n - 1  2 / 3
= APDRY + 0 . 0 0 2 5 8 8 8 *  (--------- ) ( ---------------------------) * p i
n - 1  g LW * P L n
c  n-1  n -1
g
♦ 0 . 0 0 2 7 7 7  * HW * pL * (------- )
n -1  n -1  g
C (4
. 4 8 )
.49)
- 1
. 5 0 )
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w h e re  :
P : p r e s s u r e ,  P S I ,  o f  t r a y  n .
n
P : p r e s s u r e ,  P S I ,  o f  t r a y  n - 1 .
n - 1
APTH : t o t a l  p r e s s u r e  d r o p ,  P S I ,  t h r o u g h  t r a y  n - 1 .  
n -1
A PDRY : d r y  t r a y  p r e s s u r e  d r o p ,  P S I .  
n -1
L a p l a c e Domain G e n e r a l i z e d  Equi l i b r ium T ra y
I f  t h e  a b o v e  g e n e r a l i z e d  e q u i l i b r i u m  t r a y  t i m e  dom ain
e q u a t i o n s  a r e  l i n e a r i z e d ,  L a p l a c e  t r a n s f o r m e d  and
s i m p l i f i e d ,  ( a s  shown i n  A ppend ix  H) ,  t h e  f o l l o w i n g
e q u a t i o n s  c a n  be  r e a c h e d  w i t h  v a r i a b l e s  L ( s ) ,  V ( s ) ,  T ( s ) ,
n n n
P ( s )  a n d  NC X (s) f o r  e a c h  g e n e r a l i z e d  e q u i l i b r i u m  t r a y ,  
n i , n
The e q u a t i o n s  a r e  :
(1) NC-1 L a p l a c e  dom ain  c o m p o n e n t  m a t e r i a l  b a l a n c e ,  ( H . 4 ) .
(2) L a p l a c e  dom ain  e n t h a l p y  b a l a n c e ,  ( H . 6 ) .
(3) L a p l a c e  dom ain  s u m m a t io n  e q u a t i o n s ,  (H.8) a n d  ( H .9 ) .
(4) L a p l a c e  dom ain  p r e s s u r e  d r o p  r e l a t i o n s h i p ,  ( H . 4 3 ) .
(5) L a p l a c e  domain  t r a y  h y d r a u l i c s  e q u a t i o n .
(a) L a p l a c e  d om ain  g e n e r a l i z e d  t r a y  h y d r a u l i c s  e q u a t i o n ,  
( H . 3 5 ) ,  ( n o t  i n c l u d i n g  t h e  co lum n t o p  t r a y ) .
(b) L a p l a c e  d o m a in  co lu m n  t o p  t r a y  h y d r a u l i c s ,  (H .40)  .
a  VH
LJ - !  i
&




B e b o i l e r  ( S t a g e  i )  Time Domain R e l a t i o n s h i p s
The t i m e  dom ain  e q u a t i o n s  w h ic h  d e s c r i b e  t h e  d y n am ic  
b e h a v i o r  o f  t h e  r e t o i l e r  shown i n  FIG 13 a r e  l i s t e d  b e lo w :
(A) P r o c e s s  s i d e .
(1) T o t a l  m a t e r i a l  b a l a n c e .
dM
j
-----------= L — V — L (4 .5 1 )
d t  j - 1  j  j
H = A * H * (4 .5 2 )
j  j  j  j
(2) Component  m a t e r i a l  b a l a n c e s ,  
d
 (H *X ) = X *L -  V * Y -  L *X (4 .5 3 )
d t  j  i , j  i»  j~1 j - 1  j  i*  j  j  i , j
(3) E n t h a l p y  b a l a n c e ,  
d
 (M *HL ) = HL *L -  HV *V -  HL *L * U *A * (T  -T  )
d t  3 j  3 - 1 3 - 1  j j  j j  b b mr j
( 4 .5 4 )
(4) E q u i l i b r i u m  r e l a t i o n s h i p s .
Y = K * X (4 -55 )
i # 3  i f j  i # 3
s
P
i f  j
K  ------------------- (4 .5 6 )
i . j  P
j
(5) T h e r m a l  p r o p e r t i e s .
HL = f  (T ,  X ) (4 .5 7 )
3 j  i f  3
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HV = f  ( P ,  T ,  X ) (4 .5 8 )
j  j  j  i , j
(6) Summation e q u a t i o n s .
X Y = 1  (4 .59 )
i  i ,  j
J  X = 1  (4 .6 0 )
i
(7) C o n t r o l l e r  e q u a t i o n .
a s su m e  t h e  co lu m n  b a s e  l e v e l  c o n t r o l l e r  c o n t r o l s  t h e
. r e s i d u e  f l o w  r a t e .
L = KR * H (4 .6 1 )
3  3
(B) E n t h a l p y  b a l a n c e  f o r  t h e  r e b o i l e r  m e t a l .
dT
HE
M *C *    0 *a  * (T  - T  ) -  U *A * ( T -T  ) (4 .6 2 )
MR HR d t  S S S ME B B ME j
(C) R e b o i l e r  s t e a m  s i d e .
(1) T o t a l  m a t e r i a l  b a l a n c e .
dp
SC
V *-----------= F -  F (4 .6 3 )
B d t  S C
tJ *A * (T - T  )
S S S ME ________________
F  ------------------------------ ; F = 0 . 0 176*C *C /” (P -  P ) * p
C X S V fl* SO S SU
V
(4 .6 4 )  (4 .6 5 )
w here  :
V : volume o f  t h e  r e b o i l e r  s t e a m  c h e s t ,  F T * ^ .
E
p : s t e a m  d e n s i t y  i n  r e b o i l e r  s t e a m  c h e s t ,  LBM/FT**3.
SC
F : r e b o i l e r  s t e a m  i n l e t  mass  f l o w  r a t e ,  LBM/SEC.
S
F : r e b o i l e r  c o n d e n s a t e  o u t l e t  f l o w  r a t e ,  LBM/SEC.
C
0 : r e b o i l e r  s t e a m  s i d e  h e a t  t r a n s f e r  c o e f f i c i e n t ,
S
B T O /SEC ,FT **2 ,F .
A : r e b o i l e r  s t e a m  s i d e  h e a t  t r a n s f e r  a r e a ,  FT**2.
S
T : s a t u r a t e d  s t e a m  t e m p e r a t u r e  w i t h i n  t h e  r e b o i l e r
S
s te a m  c h e s t ,  F.
T : r e b o i l e r  h e a t  t r a n s f e r  m e t a l  t e m p e r a t u r e ,  F.
MB
A : l a t e n t  h e a t  o f  t h e  s a t u r a t e d  s t e a m  w i t h i n  t h e
V
s t e a m  c h e s t ,  BTO/LBM.
C : r e b o i l e r  s t e a m  i n l e t  c o n t r o l  v a l v e  s i z e .
V
C : r e b o i l e r  s t e a m  i n l e t  c o n t r o l  v a l v e  o p e n i n g ,  r a n g e
M
b e t w e e n  0 and  1.
P : s t e a m  s u p p l y  p r e s s u r e ,  P S I ,  t o  t h e  r e b o i l e r .
SO
P : s a t u r a t e d  s t e a m  p r e s s u r e ,  P S I ,  w i t h i n  t h e  r e b o i l e r
S
s t e a m  c h e s t .
p : r e b o i l e r  s t e a m  s u p p l i e d  d e n s i t y ,  LBM/FT**3.
SO
(2) A b s o l u t e  p r e s s u r e  c a l c u l a t e d  f rom  s a t u r a t e d  v a p o r  
t e m p e r a t u r e  ( r a n g e  : 280 F -  382 F)
5




-  (0- 1 9 2 5 2 5 8 8 E -1 3 )* T  (4 .6 6 )
S
(3)  L a t e n t  h e a t  o f  s a t u r a t e d  v a p o r  c a l c u l a t e d  f rom 
s a t u r a t e d  v a p o r  t e m p e r a t u r e .  ( r a n g e  280 F -  382 F)
2
X = 1 0 9 8 .9 5 6 6 5 8 0 6  -  (0 .5 9 3 5 9 3 7 8 )  *T ♦ ( 0 .  1 2 3 2 8 9 2 5 E -4) T 
¥ S S
4
-  (0 .  14 6 6 0 0 8 8 E - 8 ) *T (4 .6 7 )
S
(4) D e n s i t y  o f  s t e a m  c a l c u l a t e d  f ro m  s a t u r a t e d  v a p o r  
t e m p e r a t u r e .  ( r a n g e  280 F -  382 F)
4
p = ( 0 . 8 7 2 7 3 2 1 7 E -3 )  + (0 .  1 7 0 4 2 7 3 3 E -10) *T 
S S
5 6
-  (0 .  3 2 9 8 5 2 1 1 E - 14) *T + (0 .  3 2 5 8 7 4 0 6 E -  16) *T
s  s
w h e r e  :
T : s a t u r a t e d  s t e a m  v a p o r  t e m p e r a t u r e ,  F.
S
P : a b s o l u t e  s t e a m  v a p o r  p r e s s u r e ,  P S I .
S
X : l a t e n t  h e a t  o f  s a t u r a t e d  s t e a m ,  BTU/LBM. 
V
p : s a t u r a t e d  s t e a m  d e n s i t y ,  LBH/FT**3.
S
(d) P r e s s u r e  d r o p  t h r o u g h  t h e  b o t t o m  t r a y .
A PTB = P -  P
j - 1  j  j - 1









j " 1  2 / 3
 ) *  p L
LH * PL j - 1
j - 1  j - 1
g
+ 0 . 0 0 2 7 7 7  * HW * PL * ( --------- )
j - 1  j - 1  g
(4 .6 9 )
c
(e) S i z e  o f  t h e  r e b o i l e r  s t e a m  c o n t r o l  v a l v e
The  f o l l o w i n g  s t e p s  w e re  u s e d  t o  s i z e  t h e  r e b o i l e r  s t e a m
c o n t r o l  v a l v e  :
(1) f ro m  t h e  s t e a d y  s t a t e  o f  s t e a m  t e m p e r a t u r e  an d  s t e a m  
p r e s s u r e ,  c a l c u l a t e  t h e  s t e a m  s p e c i f i c  g r a v i t y .
(2) c a l c u l a t e  t h e  s t e a d y  s t a t e  s t e a m  v o l u m e t r i c  f l o w  r a t e  
i n  GPM.
(3) s e t  t h e  n o r m a l i z e d  v a l v e  o p e n i n g  t o  be  0 . 5 .
(4) c a l c u l a t e  t h e  p r e s s u r e  d r o p  a c r o s s  t h e  s t e a m  c o n t r o l  
v a l v e .
(5) s o l v e  f o r  CV, t h e  c o n t r o l  v a l v e  s i z e d  by t h e  d e s i g n  
e g u a  t i o n .
w h ere
v a l v e  o p e n i n g ,  r a n g e  b e tw e e n  0 and  1
CV c o n t r o l  v a l v e  s i z e
v s te a m  v o l u m e t r i c  f l o w  r a t e ,  GPH
S
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P : u p s t r e a m  s u p p l y  s t e a m  p r e s s u r e ,  P S I .
SO
P : s a t u r a t e d  s t e a m  p r e s s u r e  i n  r e b a i l e r ,  P S I .
S
s p . g r  : s p e c i f i c  g r a v i t y  o f  t h e  u p s t r e a m  s t e a m .
( f )  L i q u i d  h o l d u p  a t  t h e  co lum n  b a s e .
The s t e a d y  s t a t e  l i q u i d  h o l d u p  a t  t h e  d i s t i l l a t i o n  co lum n 
b a s e  i s  s i z e d  f o r  f i v e  m i n u t e s  r e t e n t i o n  t i m e  o f  t h e  
r e s i d u e  p r o d u c t  r a t e .
R ebo i l e r  L a p l a c e  Domain R e l a t i o n s h i p s
I f  t h e  ab o v e  r e b o i l e r  t i m e  d o m ain  e q u a t i o n s  a r e  
l i n e a r i z e d ,  L a p l a c e  t r a n s f o r m e d  an d  s i m p l i f i e d  ( a s  shown i n  
A p p e n d ix  I ) ,  t h e  f o l l o w i n g  e q u a t i o n s  c a n  be r e a c h e d  w i t h  
v a r i a b l e s ,  L (s)  ,  V ( s )  ,  T (s)  ,  P (s)  a n d  NC X ( s ) .
j  j  j  j  i * j
The e q u a t i o n s  a r e  :
(1) NC-1 L a p l a c e  dom ain  co m p o n en t  m a t e r i a l  b a l a n c e ,  ( 1 . 6 ) .
(2) L a p l a c e  dom ain  t o t a l  m a t e r i a l  b a l a n c e ,  ( 1 . 4 ) .
(3) L a p l a c e  dom ain  v a p o r  p h a s e  s u m m a t io n  e q u a t i o n ,  ( 1 . 9 ) .
(4) L a p l a c e  d o m ain  l i q u i d  p h a s e  s u m m a t io n  e q u a t i o n ,  ( I .  10) .
(5) L a p l a c e  dom ain  m e t a l  and  s t e a m  s i d e  e n t h a l p y  b a l a n c e ,
(1 .3 1 )  .
(6) L a p l a c e  dom ain  p r e s s u r e  d r o p  r e l a t i o n s h i p  t h r o u g h  t h e  









FIG 1 4 . C ondenser And R e flu x  Drum.
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Cond e n s e r  (To t a l  C o n d e n s e r  o r  Pa r t i a l  C o n d e n s e r )
The t i m e  d om ain  e q u a t i o n s  v h i c h  d e s c r i b e  t h e  d y n am ic  
b e h a v i o r  o f  t h e  c o n d e n s e r  shown i n  FIG 14 a r e  l i s t e d  be low .
c o n d e n s e r  t i m e  d o main r e l a t i o n s h i p s
(A) P r o c e s s  s i d e  ( e q u i l i b r i u m  f l a s h  c a l c u l a t i o n )
(1) T o t a l  m a t e r i a l  b a l a n c e .
V = L + V (4 .7 1 )
2 C C
(2) Component  m a t e r i a l  b a l a n c e  ( f o r  i  = 1,NC) .
V *Y = L *X + V *Y (4 .7 2 )
2 i , 2 C C , i  C C , i
(3) E n t h a l p y  b a l a n c e .
HV *V = L *HL ♦ V *HV ♦ 0 *A * (T  -  T ) (4 .7 3 )
2 2  C C  C C  C C C N C
(4) E q u i l i b r i u m  r e l a t i o n s h i p s  ( f o r  i = 1 ,N C ) .
V = K * X (4 .7 4 )  
C# i  C , i  C , i
s
K (4 .7 5 )
C#i P
1
(5) Sum m ation  e q u a t i o n s
1 ( 4 .7 6 )
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C , i
1 ( 4 . 7 7 )
(6) P r e s s u r e  r e l a t i o n s h i p s
P = P -  A P 
1 2 S
(4 .7 8 )
Kern (1950)  s u g g e s t e d  t h e  f o l l o w i n g  r e l a t i o n s h i p  t o  
c a l c u l a t e  t h e  c o n d e n s e r  s h e l l  s i d e  p r e s s u r e  d r o p .
2
f  *G * D * (N + 1)
S S
AP  ------------------------------------ (4 .7 9 )
s  5 .2 2 E 1 0  * D * S
A p : p r e s s u r e  d r o p  t h r o u g h  t h e  c o n d e n s e r  s h e l l  s i d e ,  P S I .  
S
N+1: number  o f  s h e l l  s i d e  c r o s s e s .
f  : F a n n i n g  f r i c t i o n  f a c t o r .
G : mass  v e l o c i t y ,  LBM/SEC,FT**2.
S
D : s h e l l  i n s i d e  d i a m e t e r ,  FT.
S
D : e q u i v a l e n t  d i a m e t e r  o f  t u b e s ,  FT.
s  : a v e r a g e  f l u i d  s p e c i f i c  g r a v i t y  b e t w e e n  t h e  i n l e t  and 
o u t l e t  o f  t h e  c o n d e n s e r .
F o r  s i m p l i c i t y ,  two r e a s o n a b l e  a s s u m p t i o n s  w e r e  made i n  
t h i s  r e s e a r c h :
(1) a s s u m e  t h e  F a n n i n g  f r i c t i o n  f  i s  c o n s t a n t .
(2)  a s su m e  a v e r a g e  f l u i d  s p e c i f i c  g r a v i t y  i s  c o n s t a n t .
T h e n ,  t h e  d y n a m ic  s h e l l  s i d e  p r e s s u r e  d r o p  c a n  be r e l a t e d  t o
e
w h e re  :
e
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w h e r e  :
CP : s t e a d y  s t a t e  s h e l l  s i d e  p r e s s u r e  d r o p ,  P S I .
G : s t e a d y  s t a t e  m ass  f lo w  r a t e ,  LB/SEC.
G : m ass  f l o w  r a t e ,  LB/SEC.
S i n c e ,
G = V * { 2  Y * MR ) 
S 2 i  i ,  2 i
G = V * ( Z  I  * MR )
S 2 i  i ,  2 i
T h e r e f o r e ;
2 2
f V * (Z Y *MR ) 1
I 2 i  i ,  2 i  |
Ap = CP * | ------------------------------------ 1
S I _  2 2 1
| V *(2! Y *MR ) 1
I 2 i  i , 2  i  j
(7) P r o c e s s  s i d e  t e m p e r a t u r e  a p p r o x i m a t i o n .
T = T 
C BC
(8) T h e rm a l  p r o p e r t i e s .
(4 .8 0 )
(4 .8 1 )
(4 .8 2 )
(4 .8 3 )  
(4 .6 4 )
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HL = f  (T ,  X ) (4 .8 5 )
C BC C , i
HV = f  (T ,  y ,  P ) (4 .8 6 )
C BC C , i  1
(B) E n t h a l p y  b a l a n c e  f o r  t h e  c o n d e n s e r  m e t a l .
dT
MC
H *C *    D *A * (T -  T ) -  0 *& * (T  -  T )
MC HC d t  C C C MC 0 W MC 0
(4 .8 7 )
(C) C o n d e n s e r  c o o l a n t  s i d e  e n t h a l p y  b a l a n c e .
dT
0
V * p *c  *   p *F *C *(TH -  T0) ♦ U *A * (T -  T )
0 0 0 d t  0 0 0 IN 0 0 M C 0
(4 .8 8 )
(D) R e f l u x  drum e q u a t i o n s .
(a) V apor  p h a s e .
(1) T o t a l  m a t e r i a l  b a l a n c e .  
dN
D
   V -  SSV (4 .8 9 )
d t  C 1
V * P 
D 1
H  ----------------- (4 .9 0 )
D R * T
V
w h ere  V i s  t h e  v a p o r  s p a c e  o f  t h e  drum p l u s  a l l  t h e  
0
v a p o r  s p a c e  i n  t h e  c o l u m n ,  FT**3.
(2) Com ponent  m a t e r i a l  b a l a n c e ,  ( n e g l e c t  t h e  d y n a m ic s  o f
drum v a p o r  p h a s e  c o m p o n e n t  m a t e r i a l  b a l a n c e s ) .
Y = Y (4 -91 )
i , 1 C , i
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(3) E n t h a l p y  b a l a n c e . ( N e g l e c t  t h e  d y n a m ic s  o f  drum v a p o r
p h a s e  e n t h a l p y  b a l a n c e )  .
HV = H? (4 .9 2 )
1 C
T = T (4 .93 )
V BC
(b) L i q u i d  p h a s e .
(1) T o t a l  m a t e r i a l  b a l a n c e .  
dH
1
   L -  L -  SSL ; M = ft * p  * H (4 .9 4 )
d t  C 1 1 1 1 1 1
(2) Com ponen t  m a t e r i a l  b a l a n c e ,  f o r  i  = 1,NC. 
d
 (H *X ) = L *X -  X * (L +SSL ) (4 .9 5 )
d t  1 i , 1 C C , i  i ,  1 1 1
(3) E n t h a l p y  b a l a n c e ,  
d
 (M *HL ) = I  *HL ~ (L +SSL ) *HL (4 -96)
d t  1 1 C C 1 1 1
(4) C o n t r o l l e r  e q u a t i o n .
( c a s e  1) SSL = KCL * H (4 .9 7 )
1 1
( c a s e  2) L = KCL * H (4 .9 8 )
1 1
(5) S um m ation  e q u a t i o n .
Z X = 1 . 0  (4 .9 9 )
i  i , 1
The  drum volume f o r  a  2 : 1 e l l i p s o i d a l  h e a d s  c y l i n d r i c a l  




y  -----------* (L+ D /3 )  (4 .  100)
4
Assume t h e  drum l i q u i d  l e v e l  i s  o p e r a t e d  i n  t h e  m id d le  o f  
t h e  d rum ;  t h e r e f o r e ,  t h e  c r o s s  s e c t i o n a l  a r e a  i s ;
2
TT *D
A = L*D ♦ ----------- (4 -101)
1 8
Cond e n s e r  L a p l a c e  Domain R e l a t i o n s h i p s
I f  t h e  a b o v e  c o n d e n s e r  t i m e  d o m ain  e q u a t i o n s  a r e
l i n e a r i z e d ,  L a p l a c e  t r a n s f o r m e d  and  s i m p l i f i e d  ( a s  shown i n
A p p e n d ix  J) ,  t h e  f o l l o w i n g  e q u a t i o n s  c an  be r e a c h e d  w i t h
v a r i a b l e s ,  T ( s )  ,  P (s)  ,  L (s) o r  SSL (s) , T (s)  and  NC 
BC 2 1 1 1
X (s) by e l i m i n a t i n g  X ( s ) ,  HL (s)  ,  HV ( s ) ,  T (s)  ,  P (s) 
i , j  C , i  C c  8 1
AP ,  L ( S ) ,  V ( s ) ,  H ( s ) ,  HL ( s ) ,  HV (s)  ,  T (s) ,  Y (s)
( s )  C C 1 1 1 HC i , 1
and  7 (s) .
C , i
The e q u a t i o n s  a r e  ( J . 3 1 ) ,  ( J .  3 3 ) ,  ( J . 3 4 ) ,  ( J . 3 5 ) ,  ( J .  36) o r  
( J . 3 7 ) ,  HC— 1 ( J . 3 2 ) .
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A = r e b o i l e r  p r o c e s s  s i d e  h e a t  t r a n s f e r  a r e a ,  FT**2.
B
A = c o n d e n s e r  p r o c e s s  s i d e  h e a t  t r a n s f e r  a r e a ,  FT**2.
c
ADC = downcomer  a r e a ,  FT**2 ,  o f  t r a y  n .
n
ADM = f r e e  a r e a ,  FT**2 ,  f o r  l i q u i d  f lo w  u n d e r  t h e
n downcomer a p r o n ,  n o r m a l  t r a y  c o n s t r u c t i o n  p r a c t i c e
y i e l d s  a p p r o x i m a t e l y  0.42*ADc ,  t r a y  n .
n
AH = t o t a l  h o l e  a r e a ,  FT**2,  o f  t r a y  n .
n
A = c r o s s  s e c t i o n a l  a r e a ,  FT**2 ,  o f  t h e  d i s t i l l a t i o n
j  t o w e r  b a s e .
ANTA ,  ANTB , ANTC 
i  i  i
= A n t o i n e  c o e f f i c i e n t s  o f  c o m ponen t  i
t e m p e r a t u r e  i n  KELVIN a n d  p r e s s u r e  i n  MMHG.
= r e b o i l e r  s t e a m  s i d e  h e a t  t r a n s f e r  a r e a ,  FT**2.
S
ATR = a c t i v e  t r a y  a r e a ,  FT**2 ,  o f  t r a y  n .
n
A = c r o s s  s e c t i o n a l  a r e a ,  FT**2, o f  t h e  r e f l u x  drum.
1 s i n c e  t h e  l i q u i d  l e v e l  i s  a d j u s t e d  by t h e  l i q u i d
l e v e l  c o n t r o l l e r ,  t h e  c r o s s  s e c t i o n a l  a r e a  i s
a s su m e d  t o  be c o n s t a n t .
C = h e a t  c a p a c i t y ,  BTU/1BM,F, o f  t h e  m e t a l  o f  t h e
MC c o n d e n s e r .
CP = s t e a d y  s t a t e  c o n d e n s e r  s h e l l  s i d e  p r e s s u r e  d r o p ,  PSI.
CV = v a l v e  c o e f f i c i e n t  o f  t h e  r e b o i l e r  s te a m  i n l e t
c o n t r o l  v a l v e .
C = h e a t  c a p a c i t y ,  BTU/LBM,F, o f  t h e  c o o l a n t  i n  t h e
H c o n d e n s e r .
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F = k i n e t i c  e n e r g y  p a r a m e t e r  o f  t r a y  n .
n
F = c o n d e n s a t e  f lo w  r a t e ,  LBM/SEC, f rom  t h e  r e b o i l e r
C s t e a m  t r a p .
FL = f e e d  l i q u i d ,  LBMOLE/SEC, t o  t r a y  n .
n
F = r e b o i l e r  s t e a m  i n l e t  f lo w  r a t e ,  LBM/SEC.
S
FV = f e e d  v a p o r ,  LBMOLE/SEC, t o  t r a y  n .
n
F = c o n d e n s e r  c o o l a n t  i n l e t  f lo w  r a t e ,  LBM/SEC.
w
hd = l i q u i d  h e a d  i n  i n c h e s  o f  l i q u i d  f l o w  p r e s s u r e  d ro p
n t h r o u g h  t h e  downcomer ,  t r a y  n .
HDC = l i q u i d  h e i g h t  i n  t h e  downcomer,  FT, o f  t r a y  n .
n
HF = t o t a l  f e e d  e n t h a l p y ,  BTU/LBMOLE, t o  t r a y  n .
n
flFL = l i g u i d  f e e d  e n t h a l p y ,  BTU/LBMOLE, t o  t r a y  n .
n
HFV = v a p o r  f e e d  e n t h a l p y ,  BTU/LBMOLE, t o  t r a y  n .
n
H = l i q u i d  h e i g h t ,  FT, a t  t h e  d i s t i l l a t i o n  t o w e r  b a s e .
J
HL = l i q u i d  e n t h a l p y ,  BTU/LBMOLE, of  t r a y  n .
n
HL = l i q u i d  e n t h a l p y ,  BTU/LBMOLE, l e a v i n g  t h e  c o n d e n s e r .
C
HM = c o n s t r u c t i o n  m e t a l  e n t h a l p y ,  BTU/LBM, o f  t r a y  n .
n
HOW = h e i g h t ,  FT,  o f  c r e s t  o f  l i q u i d  a b o v e  t h e  o u t l e t
n v e i r  o f  t r a y  n .
HTR = h e i g h t ,  FT, o f  a e r a t e d  l i q u i d  on t r a y  n j u s t
n d o w n s t r e a m  o f  t h e  i n l e t  w e i r .
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HV = v a p o r  e n t h a l p y ,  BTO/LBMOLE, l e a v i n g  t h e  c o n d e n s e r .
C
HV = v a p o r  e n t h a l p y ,  BTO/LBMOLE, l e a v i n g  t r a y  n .
n
HW = o u t l e t  w e i r  h e i g h t ,  FT,  o f  t r a y  n .
n
H = l i g u i d  l e v e l ,  FT, i n  t h e  r e f l u x  drum.
1
K = e q u i l i b r i u m  c o e f f i c i e n t  o f  c o m p o n e n t  i  o f  t r a y  n .
i , n
KCL = c o n d e n s e r ' s  l i q u i d  l e v e l  t r a n s m i t t e r  g a i n .
KC = e q u i l i b r i u m  c o e f f i c i e n t s  o f  c om ponen t  i  o f  t h e
i  s t r e a m  l e a v i n g  t h e  c o n d e n s e r .
KR = r e b o i l e r ' s  l i g u i d  l e v e l  t r a n s m i t t e r  g a i n .
L = l i q u i d  f lo w  r a t e ,  LBMOLE/SEC, l e a v i n g  t r a y  n .
n
L = l i q u i d  f lo w  r a t e ,  LBMOLE/SEC, l e a v i n g  t h e  c o n d e n s e r .
C
LW = w e i r  l e n g t h ,  INCHES, t r a y  n-
n
M = l i q u i d  h o l d  u p ,  LBMOLE, o f  t r a y  n .
n
M = c o n s t r u c t i o n  m a t e r i a l  m a s s ,  LBM, o f  t r a y  n .
n
M = r e f l u x  drum v a p o r  p h a s e  h o l d u p ,  LBMOLE.
D
M = l i q u i d  h o l d  u p ,  LBMOLE, a t  t h e  d i s t i l l a t i o n  t o w e r
j  b a s e .
M = m e t a l  m a s s ,  LBM, o f  t h e  c o n d e n s e r .
MC
HH = m o l e c u l a r  w e i g h t  o f  p r o c e s s  co m p o n en t  i .
i
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B = l i q u i d  h o l d u p ,  LBMOLE, o f  t h e  r e f l u x  drum.
1
NC = num ber  o f  p r o c e s s  c o m p o n e n t s .
P = p r e s s u r e ,  P S I ,  o f  t r a y  n .
n
P = p r e s s u r e ,  P S I ,  o f  t h e  c o n d e n s e r .
C
P = r e b o i l e r  s t e a m  s i d e  s a t u r a t e d  s t e a m  p r e s s u r e ,  PSI.
S
s
P = s a t u r a t e d  v a p o r  p r e s s u r e ,  P S I ,  o f  co m p o n en t  i  o f
i , n  t r a y  n .
P = r e b o i l e r  s t e a m  s u p p l y  p r e s s u r e ,  P S I .
SO
P = p r e s s u r e ,  P S I ,  o f  r e f l u x  d r u m .
1
Q = i n t e r  s t a g e  h e a t e r / c o o l e r  h e a t  d u t y ,  BTU/SEC, o f
n s t a g e  n .
QDC = downcomer f l o w ,  GPM, t r a y  n .
n
QQ = o v e r f l o w ,  FT**3/SEC,  o f  a e r a t e d  l i g u i d .
n
R = g a s  c o n s t a n t ,  1 0 .7 3  (PSI*FT**3) / (LBM 0LE*R).
SSL = s i d e s t r e a m  l i q u i d ,  LBHOLE/SEC, f r o m  t r a y  n .
n
SSV = s i d e s t r e a m  v a p o r ,  LBMOLE/SEC, f rom t r a y  n .
n
T = p r o c e s s  t e m p e r a t u r e ,  F ,  o f  t r a y  n .
n
T = s t r e a m  t e m p e r a t u r e ,  F, l e a v i n g  t h e  c o n d e n s e r .
BC
T = c o n d e n s e r  p r o c e s s  s i d e  t e m p e r a t u r e ,  F .
66
TP = f e e d  t e m p e r a t u r e ,  F ,  o f  t r a y  n .
n
T = c o n d e n s e r  h e a t  t r a n s f e r  a e t a l  t e m p e r a t u r e ,  F.
HC
T = r e b o i l e r  h e a t  t r a n s f e r  m e t a l  t e m p e r a t u r e ,  F .
HE
T = r e b o i l e r  s t e a m  s i d e  s a t u r a t e d  s t e a m  t e m p e r a t u r e ,  F .
S
T = TV e q u a l s  t o  TBC.
V
TW = a v e r a g e  c o n d e n s e r  c o o l a n t  t e m p e r a t u r e ,  F.
TW = c o n d e n s e r  c o o l a n t  i n l e t  t e m p e r a t u r e ,  F.
IN
TR = c o n d e n s e r  c o o l a n t  o u t l e t  t e m p e r a t u r e ,  F.
GOT
D = r e b o i l e r  p r o c e s s  s i d e  c o n v e c t i v e  h e a t  t r a n s f e r
B c o e f f i c i e n t ,  B T 0 /F T **2 ,F ,S E C .
0 = c o n d e n s e r  p r o c e s s  s i d e  c o n v e c t i v e  h e a t  t r a n s f e r
C c o e f f i c i e n t ,  B T 0 /F T * * 2 ,F ,S E C .
OH = v a p o r  v e l o c i t y ,  FT/SEC, t h r o u g h  t h e  h o l e s  o f
n t r a y  n ,  HV / (P V  *AH ) .
n+1 n+1 n
0 = r e b o i l e r  s t e a m  s i d e  c o n v e c t i v e  h e a t  t r a n s f e r
S c o e f f i c i e n t ,  BTO/FT**2 , F,SEC.
OVA = v a p o r  v e l o c i t y ,  FT/SEC, c o r r e s p o n d i n g  t o  ATR ,
n HV *(PV ) * * - 0 . 5 ) /ATR . n
n n n
0 = c o n d e n s e r  w a t e r  s i d e  c o n v e c t i v e  h e a t  t r a n s f e r
H c o e f f i c i e n t ,  BTO/FT**2 , F,SEC.
V = v a p o r  f lo w  r a t e ,  LBHOLE/SEC, l e a v i n g  t r a y  n .
n
V = v a p o r  f lo w  r a t e ,  LBHOLE/SEC, l e a v i n g  t h e  c o n d e n s e r .
C
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V = v o l u m e ,  FT**3 ,  o f  t h e  r e f l u x  drum v a p o r  s p a c e
D plus all the vapor space in the column.
TTR = v o lu m e ,  FT**3 ,  o f  a e r a t e d  l i g u i d  on a c t i v e  a r e a  o f
n t r a y  n (downcomer a r e a  e x c l u d e d ) .
T = v o l u m e ,  F T * * 3, o f  t h e  c o n d e n s e r  c o o l a n t  s i d e .
W ( i . e . ,  t h e  vo lum e b e tw e e n  t h e  s h e l l  a n d  t h e  t u t e s )
H = o v e r f l o w ,  LBM/SEC, f rom  t r a y  n .
n
HDC = f l o w ,  LBH/SEC, f rom t h e  downcomer o f  t r a y  n .
n
HFL = f e e d  l i g u i d ,  LBM/SEC, t o  t r a y  n.
n
HFV = f e e d  v a p o r ,  LBM/SEC, t o  t r a y  n .
n
HL = w e i r  l e n g t h ,  FT,  o f  t r a y  n .
n
HSSL = s i d e s t r e a m  l i g u i d ,  LBM/SEC, f r o m  t r a y  n .
n
HSSV = s i d e s t r e a m  v a p o r ,  LBM/SEC, f rom  t r a y  n .
n
WTR = h o l d u p ,  lbm ,  on t h e  a c t i v e  t r a y
n
HV = v a p o r  r a t e ,  LBM/SEC, l e a v i n g  t r a y  n .
n
X = l i g u i d  mole  f r a c t i o n  o f  c o m p o n e n t  i  o f  t r a y  n .
i , n
XC = mole  f r a c t i o n  o f  co m p o n en t  i  o f  t h e  l i g u i d  s t r e a m
i  l e a v i n g  t h e  c o n d e n s e r .
Y = v a p o r  mole  f r a c t i o n  o f  c o m p o n e n t  i  o f  t r a y  n .
i ,  n
YC = v a p o r  mole  f r a c t i o n  o f  c o m p o n e n t  i  l e a v i n g  t h e
i  c o n d e n s e r .
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Z = t o t a l  f e e d  s o l e  f r a c t i o n  o f  c o m p o n e n t  i  t o  t r a y  n .
i # n
ZL = l i q u i d  f e e d  m o le  f r a c t i o n  o f  co m p o n en t  i  t o  t r a y  n .
i , n
ZV = v a p o r  f e e d  m o le  f r a c t i o n  o f  c o m p o n e n t  i  t o  t r a y  n .
i , n
PV = v a p o r  d e n s i t y ,  LBM/FT**3, c o r r e s p o n d i n g  t o  HV .
n n
PC = c l e a r  l i g u i d  d e n s i t y ,  LBM/FT**3, o f  t r a y  n .
n
PDC = l i g u i d  d e n s i t y ,  1BH/FT**3, i n  t h e  downcomer.
n
p = l i g u i d  d e n s i t y ,  LBM0LE/FT**3, a t  t h e  d i s t i l l a t i o n
j  t o w e r  b a s e .
p = r e b o i l e r  s t e a m  s i d e  s a t u r a t e d  s t e a m  d e n s i t y ,
S LBM/FT**3.
pTR = a e r a t e d  l i g u i d  d e n s i t y ,  LBM/FT**3, o f  t r a y  n .
n
p = c o n d e n s e r  c o o l a n t  d e n s i t y ,  1BH/FT**3.
H
p = l i g u i d  d e n s i t y ,  IBM0LE/FT**3, i n  t h e  r e f l u x  drum.
1
X - l a t e n t  h e a t  o f  t h e  s a t u r a t e d  s t e a m ,  BTU/LBM.
V
a, . * a _ . * a ' au . •  a_ .
1.1  2,1  3,1  4,1  5,1
= c o n s t a n t  c o e f f i c i e n t s  f o r  p u r e  co m p o n e n t  i  v a p o r  
e n t h a l p y  c a l c u l a t i o n .
K  .1.1  2,1  3,1  4,1  5,1
= c o n s t a n t  c o e f f i c i e n t s  f o r  p u r e  c o m p o n e n t  i  l i g u i d  
e n t h a l p y  c a l c u l a t i o n .
-  = b a r  on  t o p  o f  a  v a r i a b l e  means t h e  s t e a d y  s t a t e






= i f  (S) f o l l o w i n g  a  v a r i a b l e  t h a t  means  v a r i a b l e  i n  
LAPLACE dom ain  t r a n s f o r m a t i o n  n o t a t i o n .
= p r e s s u r e  d r o p ,  P S I ,  t h r o u g h  t h e  c o n d e n s e r  s h e l l  
s i d e .
= downcomer p r e s s u r e  d r o p ,  LB F/FT**2 ,  o f  t r a y  n .
CHAPTER FIVE
FREQUENCY RESPONSE ANALYSIS
I n  c h a p t e r  f o u r ,  t h e  d y n a a i c  p e r f o r m a n c e  o f  t h e  
d i s t i l l a t i o n  c o lum n  h a s  b e en  d e r i v e d  i n  L a p l a c e  domain  i n  
t e r m s  o f  t h e  co m p lex  f r e q u e n c y  v a r i a b l e  s .  I n  t h i s  
r e s e a r c h ,  t h e  m e th o d  o f  f r e q u e n c y  r e s p o n s e  v i l l  b e  u se d  t o  
a n a l y z e  t h e  d i s t i l l a t i o n  c o lu m n .  The f r e q u e n c y  r e s p o n s e  o f  
a s y s t e m  i s  d e f i n e d  a s  t h e  s t e a d y  s t a t e  r e s p o n s e  o f  t h e  
s y s t e m  t o  a  s i n u s o i d a l  i n p u t  s i g n a l .  The s i n u s o i d  i s  a  
u n iq u e  i n p u t  s i g n a l ,  a n d  t h e  r e s u l t i n g  o u t p u t  s i g n a l  f o r  a 
l i n e a r  s y s t e m  i s  s i n u s o i d a l  i n  t h e  s t e a d y  s t a t e .  I t  
d i f f e r s  f ro m  t h e  i n p u t  waveform  o n ly  i n  a m p l i t u d e  an d  p h a s e  
a n g l e .  The a d v a n t a g e  o f  t h e  f r e q u e n c y  r e s p o n s e  method  i s  
t h a t  t h e  t r a n s f e r  f u n c t i o n  d e s c r i b i n g  t h e  s i n u s o i d a l  s t e a d y  
s t a t e  b e h a v i o r  o f  a  s y s t e m  c a n  be o b t a i n e d  by r e p l a c i n g  s  
w i t h  jw i n  t h e  s y s t e m  t r a n s f e r  f u n c t i o n s .  The t r a n s f e r  
f u n c t i o n  r e p r e s e n t i n g  t h e  s i n u s o i d a l  s t e a d y  s t a t e  b e h a v i o r  
o f  t h e  s y s t e m  i s  a  c o m p l e x  f u n c t i o n  i n  jw w h ic h  p o s s e s s e s  a 
m a g n i t u d e  and  p h a s e  a n g l e .  The m a g n i t u d e  a n d  p h a s e  a n g l e  
a r e  t h e n  r e a d i l y  r e p r e s e n t e d  by  g r a p h i c a l  p l o t ,  su c h  a s  
Bode p l o t  i n  t h i s  r e s e a r c h ,  w h ich  p r o v i d e  a  s i g n i f i c a n t  
i n s i g h t  f o r  t h e  a n a l y s i s  o f  p r o c e s s  o r  d e s i g n  o f  t h e  
c o n t r o l  s y s t e m s .
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I n  t h i s  c h a p t e r ,  a l l  t h e  f r e q u e n c y  dom ain  
r e l a t i o n s h i p s  d e r i v e d  i n  c h a p t e r  f o u r  f o r  t h e  c o n d e n s e r ,  
t h e  g e n e r a l i z e d  t r a y  and  t h e  r e b o i l e r  w i l l  be  c o n s i d e r e d  a s  
a w h o le .  The n u m e r i c a l  method  w i l l  a l s o  be d i s c u s s e d  t o  
show how one  c a n  s o l v e  f o r  t h e  p r o c e s s  t r a n s f e r  f u n c t i o n s  
f ro m  t h e s e  r e l a t i o n s h i p s  i n  t h e  f r e q u e n c y  d o m a in .  The 
r e s u l t i n g  p r o c e s s  t r a n s f e r  f u n c t i o n s  a r e  p r e s e n t e d  a s  Bode 
p l o t s  i n  c h a p t e r  s i r .  The Bode p l o t s  p r e s e n t  t h e  tw o  
c o m p o n e n t s  o f  a t r a n s f e r  f u n c t i o n ,  a m p l i t u d e  r a t i o  and  
p h a s e  a n g l e ,  a s  f u n c t i o n s  o f  f r e g u e n c y .  T h e se  p l o t s  
c o m p l e t e l y  d e f i n e  t h e  i n p u t / o u t p u t  r e l a t i o n s h i p  f o r  e i t h e r  
m a n i p u l a t e d  v a r i a b l e  /  m e a s u r e d  v a r i a b l e  o r  d i s t u r b a n c e  
v a r i a b l e  /  m e a s u r e d  v a r i a b l e .  The v a r i a b l e s  i n  t h e  
d i s t i l l a t i o n  t o w e r  c a n  b e  c l a s s i f i e d  i n t o  t h r e e  c a t e g o r i e s ,  
t h e  m e a s u re d  v a r i a b l e s ,  m a n i p u l a t e d  v a r i a b l e s  and  
d i s t u r b a n c e  v a r i a b l e s .
(A) M a n i p u l a t e d  v a r i a b l e s .
The m a n i p u l a t e d  v a r i a b l e s  a r e  t h o s e  v a r i a b l e s  t h a t  c a n  
be c h a n g e d  i n  o r d e r  t o  c o n t r o l  t h e  p r o c e s s .  F o r  t h e  
d i s t i l l a t i o n  t o w e r ,  t h e  p o s s i b l e  m a n i p u l a t e d  v a r i a b l e s  
a r e  :
(1) s i d e s t r e a m  l i q u i d  f lo w  r a t e  c f  t r a y  n
(2) s i d e s t r e a m  v a p o r  f l o w  r a t e  o f  t r a y  n
(3) c o n d e n s e r  c o o l a n t  f l o w  r a t e
(4) r e b o i l e r  s t e a m  c o n t r o l  v a l v e  o p e n i n g
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(5) i n t e r - s t a g e  h e a t e r / c o o l e r  h e a t  l o a d
(6) l i q u i d  r e f l u x  f r o o  t h e  r e f l u x  drum
(7) d i s t i l l a t e  v a p o r  f l o w  r a t e  ( p a r t i a l  c o n d e n s e r )
(8) d i s t i l l a t e  l i q u i d  f l o w  r a t e
(B) D i s t u r b a n c e  v a r i a b l e s .
The d i s t u r b a n c e  v a r i a b l e s  a r e  i n p u t  v a r i a b l e s  t o  t h e  
p r o c e s s  t h a t  c a n ' t  b e  c o n t r o l l e d .  F o r  t h e  d i s t i l l a i t o n  
t o w e r ,  t h e  p o s s i b l e  d i s t u r b a n c e  v a r i a b l e s  a r e  :
(1) f e e d  t e m p e r a t u r e  o f  t r a y  n
(2) l i q u i d  f e e d  f l o w  r a t e  t o  t r a y  n
(3) v a p o r  f e e d  f l o w  r a t e  t o  t r a y  n
(4) l i q u i d  f e e d  c o m p o s i t i o n  i  o f  t r a y  n
(5) v a p o r  f e e d  c o m p o s i t i o n  i  o f  t r a y  n
(6) c o n d e n s e r  c o o l a n t  i n l e t  t e m p e r a t u r e
(7) r e b o i l e r  s t e a m  s u p p l y  t e m p e r a t u r e
(C) M easu red  v a r i a b l e s ,  ( c o n t r o l l e d  v a r i a b l e s ) .
M e a su re d  v a r i a b l e s  a r e  t h o s e  v a r i a b l e s  w h ich  c a n  be 
m e a s u re d  by  t h e  m e a s u r i n g  d e v i c e s .  The p o s s i b l e  m e a s u re d  
v a r i a b l e s  f o r  t h e  d i s t i l l a t i o n  t o w e r  a r e  :
(1) l i q u i d  c o m p o s i t i o n  i  o f  t r a y  n
(2) v a p o r  c o m p o s i t i o n  i  o f  t r a y  n
(3) t e m p e r a t u r e  o f  t r a y  n
(4) l i q u i d  f lo w  r a t e  l e a v i n g  t r a y  n
(5) v a p o r  f lo w  r a t e  l e a v i n g  t r a y  n
(6) p r e s s u r e  o f  t r a y  n
73
P r o c e s s  T r a n s f e r  F u n c t i o n s  And F r e q u e n c y  R e s p o n s e  A n a l y s i s
I f  o n l y  t h e  p r o c e s s  i s  c o n s i d e r e d ,  i . e .  n o t  i n c l u d i n g  
any c o n t r o l  s y s t e m s ,  p r o c e s s  t r a n s f e r  f u n c t i o n s  a r e  t h e  
t r a n s f e r  f u n c t i o n s  b e t w e e n  t h e  m e a s u re d  v a r i a b l e s  an d  t h e  
a a n i p u l a t e d  v a r i a b l e s  o r  b e tw e e n  t h e  m e a s u re d  v a r i a b l e s  and 
t h e  d i s t u r b a n c e  v a r i a b l e s .
C o n s i d e r  t h e  two v a r i a b l e  o p en  l o o p  s y s t e m  w i t h  a l o a d  
d i s t u r a b n c e  v a r i a b l e  L (S )  s k e t c h e d  i n  FIG 15. The s y s t e m  
i s  d e s c r i b e d  by t h e  f o l l o w i n g  e g u a t i o n s  i n  t h e  L a p l a c e  
d o m a in .
X (s) = M (s)*G  ( s )  + H (s) *G (s )  ♦ L * G (s)
1 1 11 2 12 (s )  L I  ( 5 .1 )
X (s)  = H (s) *G (s)  ♦ M (s)*G  (s) ♦ L *G (s)
2 2 22 1 21 (s)  L2 ( 5 .2 )
w h e r e  :
X (s )  , X (s) : L a p l a c e  dom ain  c o n t r o l l e d  v a r i a b l e s  
1 2
(o r  m e a s u r e d  v a r i a b l e s )  .
H ( s ) ,  M (s) : L a p l a c e  dom ain  m a n i p u l a t e d  v a r i a b l e s  
1 2
G ( s ) , G ( s ) ,  G ( s ) ,  G ( s ) ,  G (s) , G (s) a r e  t h e  
11 21 22 12 L1 L2
p r o c e s s  t r a n s f e r  f u n c t i o n s  b e tw een  e i t h e r  t h e  m e a s u re d
v a r i a b l e / m a n i p u l a t e d  v a r i a b l e  o r  m e a s u re d  v a r i a b l e /
d i s t u r b a n c e  v a r i a b l e  a s  s p e c i f i e d  b e l o w .







G (s)  
11 H (s)  
1
9 G (s) 







G  ( S )  
12 H <s)
2




G «s)  ----------
L2 L (s)
G (s) 
L 1 L ( s )
L ( s )  : L a p l a c e  dom ain  d i s t u r b a n c e  v a r i a b l e .
R e f e r  t o  FIG 15 i n  f r e q u e n c y  d o m a in ,  by  s i m p l y  s e t t i n g
M (jw) t o  1 + 0 i ,  L ( jw )  and  M (jw) t o  O+Oi a t  e a c h  f r e q u e n c y ,
1 2 
t h e n ,  t h e  v a l u e  o f  t h e  t r a n s f e r  f u n c t i o n  G ( j w ) ,  G (jw) a t
11 21
an y  s p e c i f i c  f r e q u e n c y  c a n  b e  c a l c u l a t e d  a s  X (jw) an d  X (jw)
1 2
r e s p e c t i v e l y .  S i m i l a r l y ,  t h e  v a l u e  of p r o c e s s  t r a n s f e r
f u n c t i o n  G ( j w ) ,  G (jw) a t  e a c h  f r e q u e n c y  c a n  be 
22 12
c a l c u l a t e d  by  s e t t i n g  (J (jw) t o  O+Oi, H (jw) t o  1+0i and
1 2 
L( jw)  t o  0 + 0 i .  F o r  t h e  p r o c e s s  t r a n s f e r  f u n c t i o n  G (jw) ,
G (jw) ,  t h e  s e t t i n g s  a r e  M (jw) e q u a l s  O+Oi fl (jw) e q u a l s  
L2 1 2
O+Oi, an d  L( jw)  t o  1 + 0 i .
I f  t h e  L a p l a c e  o p e r a t o r  s  i n  a l l  t h e  r e l a t i o n s h i p s  
w h ich  d e s c r i b e  t h e  d i s t i l l a t i o n  co lum n  a r e  r e p l a c e d  by jw ,  
t h e y  become c o m p le x  a l g e b r a i c  e q u a t i o n s  i n  t h e  f r e q u e n c y  
d o m a in .  T h e  m a n i p u l a t e d  and d i s t u r b a n c e  v a r i a b l e s  a r e  
i n p u t  v a r i a b l e s ,  c o n s t a n t s  a s  e i t h e r  1+0i  o r  O+Oi, and  a l l  
t h e  m e a s u re d  v a r i a b l e s  a r e  unknowns t o  b e  s o l v e d  a t  e a c h
LI
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f  r e g u e n c y .
I n  summary ,  t h e  c o n d e n s e r  h a s  NC+4 unknowns w i t h i n  NC + 4 
c o m p le x  number  e g u a t i o n s .
e g u a t i o n no | unknown no
( J . 31) 1 I T (jw) 1
| BC
( J . 3 2 ) NC-1 I
I P (jw) 1
( J .  33) 1 | 2 
1
(J  .  34) 1
1
I L ( jw) o r  SSL (jw) 1
1 1 1
(J .3 5 ) 1 I
I X (jw) NC
( J .  36) 1 I i  * 1 1
o r  ( J .  37) I T (jw) 1
NC+4 NC+4
T he  co lum n  t o p  t r a y  h a s  NC+3 unknowns w i t h i n  NC+3 
co m p le x  domain e g u a t i o n s .  
e g u a t i o n  no
c o m p o n e n t  m a t .  b a l .  (H.4) NC-1
e n t h a l p y  b a l a n c e  (H.6)
s u m m a t io n  e g u a t i o n  1 (H.8)
s u m m a t io n  e g u a t i o n  2 (H.9) 















A l s o ,  e a c h  g e n e r a l i z e d  t r a y  h a s  NC+4 unknowns  w i t h i n
NC+4 co m p lex  dom ain  e g u a t i o n s .
e q u a t i o n no | unknown no
c o m p o n e n t  m a t .  b a l . CH. 4)
----------- 1
NC-1 | 1 (jw) 1
1 n
e n t h a l p y  b a l a n c e (H.6) 1 I
l V (jw) 1
s u m m a t io n  e q u a t i o n  1 (H.8) 1 1 t
n










I X (jw) NC
p r e s s u r e  e q u a t i o n . (H. 43) 1 I 1
i , n
1





T h e  r e b o i l e r  h a s  NC+3 unknowns w i t h i n  NC+3 c o m p le x  
d om ain  e q u a t i o n s .
e q u a t i o n no | unknown no
c o m p o n e n t  m a t .  b a l . ( 1 .6 )
----------- I
NC-1 | L (jw)
j
1
t o t a l  m a t .  b a l a n c e ( 1 .4 )
1
1 |














m e t a l  a n d  s te a m  s i d e
1
1















T o t a l l y  f o r  e a c h  d i s t i l l a t i o n  c o lu m n ,  t h e r e  a r e  
NS*(NC+4)-1 e q u a t i o n s  and  NS*(NC+4)-1 unknowns which  a r e
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t h e  m e a s u r e d  v a r i a b l e s .  I f  a l l  t h e s e  f r e g u e n c y  domain  
e g u a t i o n s  a r e  a r r a n g e d  i n  o r d e r  f ro m  t h e  f i r s t  s t a g e  t o  t h e  
l a s t  s t a g e ,  t h e y  f o r m  l i n e a r  a l g e b r a i c  com plex  number  
e g u a t i o n  s e t  a t  e a c h  s p e c i f i c  f r e g u e n c y .  T h i s  a l g e b r a i c  
e g u a t i o n  s e t  can  be  e x p r e s s e d  by m a t r i x  n o t a t i o n  a s  :
A * X = B (5 .3 )
w h e r e  :
A : c o e f f i c i e n t  m a t r i x  o f  t h e  a l g e b r a i c  e q u a t i o n  s e t  i n  
t h e  c o m p le x  d o a a i n .
X : co lu m n  v e c t o r  w h ich  c o n t a i n s  a l l  t h e  m e a s u r e d  v a r i a b l e s  
t o  be  s o l v e d .
B : c o n s t a n t  co lu m n  v e c t o r  o f  t h e  a l g e b r a i c  e q u a t i o n  s e t  i n  
t h e  c o m p l e x  d o m a in .
I f  t h e  a b o v e  e g u a t i o n  s e t  i s  s o l v e d ,  t h e n ,
- 1
X = A * B (5 .4 )
F o r  i l l u s t r a t i o n  p u r p o s e s ,  t h e  f o l l o w i n g  e x a m p le  
d i s t i l l a t i o n  co lu m n  h a s  b e e n  c h o s e n ,  FIG 1 6 .  T h i s  
e x a m p l e  d i s t i l l a t i o n  co lu m n  c o n s i s t s  o f  s i x  s t a g e s  and  
t h r e e  p r o c e s s  c o m p o n e n t s .  T he  f i r s t  s t a g e  i s  a  t o t a l  
c o n d e n s e r  an d  t h e  l a s t  s t a g e  i s  t h e  r e b o i l e r .  The r e f l u x  
drum l e v e l  c o n t r o l l e r  c o n t r o l s  t h e  l i g u i d  r e f l u x  a n d  t h e  
co lum n b a s e  l e v e l  c o n t r o l l e r  c o n t r o l s  t h e  r e s i d u e  r a t e .  I f
a l l  f r e g u e n c y  dom ain  l i n e a r  r e l a t i o n s h i p s  a r e  l i n e d  up f rom
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FIG 16. Example D is t i l la t io n  Column
( J . 3 1 )
( J .3 2 )
( J . 3 3 )
( J . 3 M
( J - 3 5 )
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FIG 17. C o e ffic ie n t  M atrix Of The Example D is t i l l a t io n  
Column.
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t h e  f i r s t  s t a g e  t o  t h e  l a s t  s t a g e ,  t h e  c o e f f i c i e n t  m a t r i x  A 
f o r  t h i s  p a r t i c u l a r  s y s t e m  i s  a s  shown i n  FIG 17 .
Gu a s s i a n E l i m i n a t i o n  W ith  The B e th o d  Of R e s i d u e s
I n  t h i s  r e s e a r c h ,  G u a s s i a n  e l i m i n a t i o n  w i t h  t o t a l  
s c a l e  p i v o t i n g  i s  u s e d  t o  m in im iz e  t h e  e f f e c t s  o f  t h e  ro u n d  
o f f  e r r o r  i n  s o l v i n g  t h e  d i s t i l l a t i o n  co lum n com plex  domain 
e g u a t i o n  s e t  a t  e a c h  s p e c i f i c  f r e g u e n c y .  P r o b a b l y  i n  t h e  
m a j o r i t y  o f  c a s e s ,  t h e  method w i l l  b e  a  f a i r l y  a c c u r a t e  
a p p r o x i m a t i o n  o f  t h e  t r u e  i n v e r s e .  However ,  i f  t h e  m a t r i x  
i s  i l l  c o n d i t i o n e d ,  t h e  method  o f  r e s i d u e s  i s  u s e d  t o  
i m p r o v e  t h e  a c c u r a c y .
The  m ethod  o f  r e s i d u e s  i s  a n  i t e r a t i v e  p r o c e d u r e  an d  
i s  i l l u s t r a t e d  a s  f o l l o w s  :
L e t  X b e  t h e  a p p r o x i m a t e  s o l u t i o n  o f  A * X = B o b t a i n e d
by t h e  G a u s s i a n  e l i m i n a t i o n  w i t h  t o t a l  s c a l e d  p i v o t i n g .  By
s u b s t i t u t i n g  X i n t o  t h e  t h e  s y s t e m  A * X = B^ a g a i n ,  one
c a n  co m p u te  an  e r r o r  v e c t o r  r e s i d u e  E d e f i n e d  by :
1
1  * X -  B = E ( 5 .5 )
1 1
T h e n ,  a  c o r r e c t i o n  v e c t o r  X c a n  be d e f i n e d  s u c h  t h a t .




By a d d i n g  6x t o  X ,  o n e  can  c o m p u te  a n o t h e r  e r r o r  r e s i d u e
1
E and  a n o t h e r  X .
2 1
A * { X * SX ) ~ B = E (5 .7 )
1 1 2
The p r o c e s s  i s  c o n t i n u e d  u n t i l  t h e  Sx v e c t o r  c h a n g e  i s
s m a l l e r  t h a n  t h e  t o l e r a n c e .
Compu t e r  Hemorv S t o r a g e  Of The S p a r s e  C o e f f i c i e n t  M a t r i x
I n  o r d e r  t o  m i n i m i z e  t h e  c o m p u t e r  memory s p a c e ,  t h e  
s p a r s e  c o e f f i c i e n t  m a t r i x  A can  be  s t o r e d  i n  a band  s h a p e
c o e f f i c i e n t  m a t r i x .  B u t  t w i c e  o f  t h e  memory o f  t h e  band
s h a p e  m a t r i x  i s  n e e d e d  t o  s o l v e  t h e  e q u a t i o n  s e t  by  u s i n g  
G u a s s i a n  e l i m i n a t i o n  w i t h  t o t a l  s c a l e d  p i v o t i n g .  D e f i n e  
t h i s  b i g g e r  s t o r a g e  m a t r i x  a s  B, a s  shown i n  FIG 18. S i n c e  
t h e  m a t r i x  B i s  i n  a t i l t e d  s h a p e ,  a  new c o o r d i n a t e  s y s t e m  
m ust  be  d e f i n e d .
The f o l l o w i n g  g e n e r a l  r e l a t i o n s h i p s  d e f i n e  t h e  
p r e s s u r e  m ode l  c o e f f i c i e n t  p o s i t i o n s  i n  t h e  c o e f f i c i e n t  
m a t r i x  B. NC i s  t h e  num ber  o f  p r o c e s s  c o m p o n e n t s  and  NS i s  
t h e  number  o f  d i s t i l l a t i o n  co lum n s t a g e s .
(A) CONDENSEB
(a) D e f i n e  I P X ,  t h e  l e f t m o s t  row p o s i t i o n  o f  t h e  band  
s h a p e  m a t r i x .
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FIG 18. Band Shape C o e ff ic ie n t  M atrix For The Example 
D is t i l la t io n  Column.
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(1) R e f l u x  drum l i q u i d  p h a s e  e n t h a l p y  b a l a n c e , ( J .  3 4 ) .  
IPX=4*NC+15
(2) C o n d e n s e r  p r o c e s s  s i d e  c o m p o n e n t  m a t e r i a l  b a l a n c e  I I  
( J . 3 2 ) .
IPX=4*NC+15+11
(3) Summation e q u a t i o n  2 ,  ( J . 3 3 ) .
IPX=5*NC+15
(4) R e f l u x  drum l i q u i d  p h a s e  t o t a l  m a t e r i a l  b a l a n c e ,
( J .  36) o r  ( J . 3 7 )  .
IPX=5*NC+16
(5) C o n d e n s e r  p r o c e s s  s i d e  e n t h a l p y  b a l a n c e ,  ( J . 3 5 ) .  
IPX=5*NC+17
(6) Summation  e q u a t i o n  1, ( J .  3 1 ) .
IPX=5*NC+ 18
(b) G e n e r a l i z e d  f o r m u l a  f o r  p o s i t i o n s  o f  v a r i a b l e s .
T = B ( I P X , 1)
1
L = B ( I P X - 1 ,2 )  o r  SSL = B ( I P X - 1,2)
1 1 
T a  B ( I P X - 2,  3)
BC
X = B ( I P X - 2 - I C , I C + 3 )
I C ,  1
The s t a g e  two v a r i a b l e  c o e f f i c i e n t  p o s i t i o n s  c a n  be 
c a l c u l a t e d  by u s i n g  t h e  g e n e r a l i z e d  v a r i a b l e  
p o s i t i o n  f o r m u l a s ,  w h ic h  a r e  d e f i n e d  i n  g e n e r a l i z e d  
s t a g e  ( c ) ,  w i t h  M=0 and  IPYKK=NC+4.
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(B) STAGE 2
(a) D e f i n e  I P X ,  t h e  l e f t m o s t  row p o s i t i o n  o f  t h e  band 
s h a p e  m a t r i x .
(1) Component m a t e r i a l  b a l a n c e  I I ,  (H.4 )  . 
IPX=5*NC+18+II
(2) E n t h a l p y  b a l a n c e ,  ( H . 6 ) .
IPX=6*NC+18
(3) Sum m ation  e q u a t i o n  1, (H.8) .
IPX=6*NC+19
(4) Summation e q u a t i o n  2 ,  ( H. 9) .
IPX=6*NC+20
(5) T r a y  h y d r a u l i c  e q u a t i o n ,  (H.40) .
IPX=6*NC*21
(b) G e n e r a l i z e d  f o r m u l a  f o r  p o s i t i o n s  o f  v a r i a b l e s .
T = B ( IP X ,  1)
1
L = B ( I P X - 1,2) o r  SSI  = B (IPX-1 ,2 )
1 1 
T = B (IPX- 2 , 3 )
BC
X = B ( I P X - 2 - I C ,  IC+3)
IC ,1
The  s t a g e  tw o  and  t h r e e  v a r i a b l e  c o e f f i c i e n t  
p o s i t i o n s  c a n  be  c a l c u l a t e d  by u s i n g  g e n e r a l i z e d  
v a r i a b l e  p o s i t i o n  f o r m u l a s ,  w hich  d e f i n e d  i n  
g e n e r a l i z e d  s t a g e  ( c ) ,  w i t h  N=0 o r  1 a n d  
IPYKK=NC+4.
GENERALIZED STAGE J  (3 < J  < NS-1)
(a) D e f i n e  (IPX,IPYKK) p a i r
IP X = 6 * N 0  22 
IPYKK= { J - 2 )*  (NC+4)
(b) D e f i n e  KK
(1) Component  m a t e r i a l  b a l a n c e  I I ,  (H.4) .
KK=NC + 4 - I I
(2) P r e s s u r e  e q u a t i o n ,  ( H . 4 3 ) .
KK=4
(3) E n t h a l p y  b a l a n c e ,  ( H . 6 ) .
KK=3
(4) S um m ation  e g u a t i o n  1, (H.8) .
KK=2
(5) Summation e q u a t i o n  2 ,  ( H . 9 ) .
KK= 1
(6) T r a y  h y d r a u l i c  e q u a t i o n ,  (H.35) .
KK=0
(c) G e n e r a l i z e d  f o r m u l a  f o r  p o s i t i o n s  o f  v a r i a b l e s .
N= ( J - 1 ,  J ,  J  + 1)
L = B ( (IPX-KK) -  (NC+4) * ( H - J + 1) ,
H
IPYKK+ (NC+4) * (M—J  +1) )
V = B( (IPX-KK) -  ( NC+4) * (H-J +1) - 1 ,
M
IPYKK + (NC+4) * (H-J+1) +1)
T = B ( ( IPX-KK)-(NC+4)* ( H -J + 1 ) - 2 ,
H
IPYKK+ (NC+4) * (M-J  + 1) +2)
p = B ((IPX-KK)-(NC+4)  * ( M - J + 1 ) - 3 ,
M
IPYKK ♦ (NC+ 4) * (H- J + 1) +3)
X = B( ( IPX-KK)-  (NC+4) * (M -J+ 1 ) - ( IC + 3 )
I C ,  H
IPYKK+ (NC+4) *(M-J  + 1) ♦ (IC+3) )
BEBOILER 
(a) D e f i n e  ( IPX,  IPYKK) p a i r  
IPX=6*NC+22 
IPYKK= (J - 2 ) *  (NC+4)
( t )  D e f i n e  KK
(1) T o t a l  m a t e r i a l  b a l a n c e ,  ( 1 . 4 )  .
KK=NC+3
(2) Component  m a t e r i a l  b a l a n c e  I I ,  ( 1 . 6 ) .
KK= (N C -II )  +3
(3) H e t a l  a n d  s t e a m  s i d e  e q u a t i o n ,  ( 1 . 3 7 ) .  
KK=3
(4) Sum m at ion  e q u a t i o n  1, ( 1 . 1 0 ) .
KK=2
(5) Summation  e q u a t i o n  2 ,  ( 1 . 9 ) .
KK=1
(6) P r e s s u r e  d r o p  e q u a t i o n ,  ( 1 .4 0 )  .
KG-0
(c) G e n e r a l i z e d  f o r m u l a
(same a s  t h e  g e n e r a l i z e d  s t a g e  f o r m u l a s )
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Me a s u r e  Of P r o c e s s  I n t e r a c t i o n
The o r i g i n a l  a p p r o a c h  f o r  c h a r a c t e r i z i n g  p r o c e s s
i n t e r a c t i o n s  i s  t h e  " R e l a t i v e  Gain  A r ra y  M ethod"  p r o p o s e d
by B r i s t o l  ( 1 9 6 6 ) .  The n a j o r  a d v a n t a g e  o f  t h e  R e l a t i v e
G a in  A r ra y  i s  t h a t  i t  r e g u i r e s  o n l y  t h e  p r o c e s s  g a i n s .
C o n s i d e r  a  s t e a d y  s t a t e  p r o c e s s  m o d e l .
X = K * H (5 .8 )
SS “  SS
Where :
X : v e c t o r  o f  s t e a d y  s t a t e  c h a n g e s  f o r  n c o n t r o l l e d
SS
va r i a b l e s .
M : v e c t o r  o f  s t e a d y  s t a t e  c h a n g e s  f o r  n m a n i p u l a t e d
SS
v a r i a b l e s .
K : n*n s t e a d y  s t a t e  p r o c e s s  g a i n  m a t r i x .
B r i s t o l  d e f i n e d  a  n*n r e l a t i v e  g a i n  m a t r i x  v h o s e  e l e m e n t  
A a r e  c a l c u l a t e d  f r o m ,






A  --------------------  ( 5 .9 )





Where t h e  (3X / 9 m )M i s  c a l l e d  t h e  o p e n  l o o p  g a i n  w i t h  a l l
i  3
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o t h e r  m a n i p u l a t e d  v a r i a b l e s  h e l d  c o n s t a n t  e x c e p t  (I .
j
(dX /dn ) X i s  c a l l e d  t h e  c l o s e d  l o o p  g a i n  v i t h  a l l  o t h e r
i  j
m e a s u r e d  v a r i a b l e s  h e l d  c o n s t a n t  e x c e p t  X .
i
I t  i s  a p p a r e n t  f ro m  e g u a t i o n  ( 5 .8 )  t h a t  t h e  o p e n  l o o p  
g a i n  K b e t w e e n  X an d  M i s  an  e l e m e n t  o f  t h e  p r o c e s s
i#  j  i  j
g a i n  m a t r i x ,  K. B r i s t o l  a l s o  d e m o n s t r a t e d  t h a t  t h e  c l o s e  
l o o p  g a i n  i s  1/K » w h e re  K i s  an  e l e m e n t  o f  t h e  m a t r i x
i* j  j
i n v e r s e  o f  t h e  t r a n s p o s e  o f  K.
^  - I T
g  = ( K ) = ( K ) ( 5 .1 0 )
T h e r e f o r e ;
X = K * K ( 5 .1 1 )
i # j  i # j
The r e l a t i v e  g a i n  e l e m e n t s  a r e  m e a s u r e s  o f  t h e  i n f l u e n c e  o f  
t h e  m a n i p u l a t e d  v a r i a b l e  on t h e  c o n t r o l l e d  v a r i a b l e s ,  w i t h  
t h e  l a r g e r  (more  p o s i t i v e )  v a l u e s  i n d i c a t i n g  t h e  g r e a t e r  
e f f e c t .  A l s o ,  a s  p o i n t e d  o u t  by B r i s t o l ,  e a c h  row and  
c o lu m n  o f  t h e  i n t e r a c t i o n  m e a s u r e  sums t o  o n e .  A v a l u e  o f  
i n t e r a c t i o n  o n e  i n d i c a t e s  a  d e c o u p l e d  s i t u a t i o n .  F o r  




X ) 0 . 2 5  0 . 7 5
1 I
X | 0 . 7 5  0 . 2 5
2 I
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T h i s  s u g g e s t e d  t h a t  X s h o u l d  be m a n i p u l a t e d  t h r o u g h  M and
1 2 
X s h o u l d  be m a n i p u l a t e d  t h r o u g h  H .
2 1
When a  r e l a t i v e  g a i n  e x c e e d s  1 . 0 ,  t h e  d e n o m i n a t o r  o f  
e q u a t i o n  ( 5 .9 )  I s  l e s s  t h a n  t h e  n u m e r a t o r  m ea n in g  t h a t  t h e  
c l o s u r e  o f  o t h e r  l o o p s  a c t s  t o  r e d u c e  t h e  g a i n  o f  t h e  p a i r  
b e i n g  e v a l u a t e d .  As p o i n t e d  o u t  by B r i s t o l  ( 1 9 6 6 ) ,  S h i n s k e y  
(1977)  a n d  G a g n e p a i n  ( 1 9 7 9 ) ,  a c o n t r o l l e r  p a i r i n g  w h ic h  
c o r r e s p o n d s  t o  n e g a t i v e  g a i n  e l e m e n t s  s h o u l d  n o t  b e  
s e l e c t e d  s i n c e  i t  r e s u l t s  i n  an  u n s t a b l e  s y s t e m  i f  i n t e g r a l  
a c t i o n  i s  u s e d .  The  a b o v e  p r o p e r t i e s  s u g g e s t e d  t h e  m e a s u re  
c o r r e s p o n d i n g  t o  t h e  p a i r e d  v a r i a b l e s  be  p o s i t i v e  and  a s  
c l o s e  t o  o n e  a s  p o s s i b l e .  Numbers n e g a t i v e  o r  much l a r g e r  
t h a n  one  a r e  t o  b e  a v o i d e d  a n d  l a r g e  n e g a t i v e  n u m b e rs  a r e  
p a r t i c u l a r l y  u n d e s i r a b l e .
A l t h o u g h  t h e  " R e l a t i v e  G a in  A r r a y  Method"  p r o v i d e s  
u s e f u l  i n f o r m a t i o n ,  i t  n e g l e c t s  t h e  p r o c e s s  d y n a m i c s .  I n  
some s i t u a t i o n s ,  t h e  d y n a m ic  c h a r a c t e r i s t i c s  may be  t h e  key 
f a c t o r  i n  d e t e r m i n i n g  t h e  c o r r e c t  c o n t r o l l e r  
c o n f i g u r a t i o n s .  I n  t h i s  r e s e a r c h ,  t h e  p r o c e s s  t r a n s f e r  
f u n c t i o n s  g e n e r a t e d  a t  e a c h  f r e q u e n c y  w i l l  be  u s e d  t o  
c a l c u l a t e  t h e  i n t e r a c t i o n  m e a s u re .  BcAvoy (1977)  p o i n t e d  
o u t  t h e  f o l l o w i n g  m e s s a g e s  f o r  t h e  i n t e r a c t i o n  m e a s u re  :
"T h e  b e s t  way t o  i n t e r p r e t  t h e  i n t e r a c t i o n  
m e a s u r e . . . . .  i s  i n  t h e  f r e q u e n c y  d o m a in .  I f  s  i s  s e t  t o  
jw t h e n  t h e  i n t e r a c t i o n  m e a s u r e  c a n  be  r e p r e s e n t e d  a s  a
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m a g n i t u d e  and  a  p h a s e  a n g l e .  The m a g n i tu d e  c a n  be  
i n t e r p r e t e d  i n  e x a c t l y  t h e  s a n e  way a s  t h e  s t a n d a r d  
r e l a t i v e  g a i n  a r r a y .  I t  r e p r e s e n t s  t h e  r a t i o  o f  t h e  e f f e c t  
o f  o n e  m a n i p u l a t i v e  v a r i a b l e  on  one c o n t r o l l e d  v a r i a b l e  
u n d e r  two d i f f e r e n t  s i t u a t i o n s  a t  a  p a r t i c u l a r  f r e q u e n c y .  
The two s i t u a t i o n s  a r e  a g a i n  an  open l o o p  s i t u a t i o n  and a 
c l o s e d  l o o p  s i t u a t i o n  i n  w h ich  p e r f e c t  c o n t r o l  i s  a c h i e v e d  
a t  t h e  f r e q u e n c y  b e i n g  c o n s i d e r e d .  T h u s ,  t h e  m a g n i t u d e  o f  
t h e  i n t e r a c t i o n  m e a s u r e  i s  a m e a s u r e  o f  t h e  e x t e n t  o f  
i n t e r a c t i o n  p r e s e n t  a t  a p a r t i c u l a r  f r e q u e n c y .  The p h a s e  
a n g l e  i s  som ew hat  m ore  d i f f i c u l t  t o  i n t e r p r e t  s i n c e  i t  i s  a 
m e a s u re  o f  t h e  t i m e  i t  t a k e s  a  d i s t u r b a n c e  t o  p r o p a g a t e  
f ro m  l o o p  t o  l o o p .  As s u c h ,  i t  i s  c o n c e r n e d  w i th  w h e t h e r  a 
d i s t u r b a n c e  a r r i v e s  a t  t h e  c o r r e c t  t i m e  and i s  t h e r e f o r e  
f a v o r a b l e . "
The i n t e r a c t i o n  m e a s u r e  u s e d  i n  t h i s  r e s e a r c h  i s  b a s e d  
on e x a c t l y  w h a t  McAvoy i s  r e co m m en d in g .
CHAPTER SIX
RESULTS
I n t r o d  uc t i o n
The o b j e c t i v e  o f  t h i s  r e s e a r c h  i s  t o  s e t  up a g e n e r a l  
d i s t i l l a t i o n  co lum n  p a c k a g e  i n  t h e  f r e q u e n c y  dom ain  i n  
o r d e r  t o  (1) t e s t  d i f f e r e n t  model  a s s u m p t i o n s  a n d  t h e i r  
e f f e c t s #  (2) d e t e r m i n e  t h e  s t e a d y  s t a t e  s e n s i t i v i t i e s ,  and
(3) e x p l o r e  t h e  i n t e r a c t i o n  m e a s u r e  a n a l y s i s  i n  t h e  
f r e q u e n c y  dom ain  f o r  t h e  p a i r i n g s  o f  t h e  d i s t i l l a t i o n  
c o lum n  m u l t i p l e  c o n t r o l  l o o p s .
I n  t h i s  c h a p t e r ,  i n t e r a c t i o n  m e a s u r e s  o f  t h e  B e n z en e  -  
T o l u e n e  d i s t i l l a t i o n  co lum n a r e  c a l c u l a t e d  b a s e d  on  t h e  
g e n e r a t e d  p r o c e s s  t r a n s f e r  f u n c t i o n s  b e t w e e n  t h e  c h o s e n  
m a n i p u l a t e d  a n d  c o n t r o l l e d  v a r i a b l e s  t o  p r e d i c t  t h e  p a i r i n g  
d i f f i c u l t i e s .
The  e f f e c t  o f  t h e  d i s t i l l a t i o n  co lu m n  model  
s i m p l i f i c a t i o n  o n  p r o c e s s  t r a n s f e r  f u n c t i o n s  a r e  c o m p a re d  
t o  d e t e r m i n e  t h e  e f f e c t  o f  t h e  c o n s t a n t  p r e s s u r e  an d  
e q u i m o l a r  o v e r f l o w  a s s u m p t i o n s .  The r e s u l t i n g  t r a n s f e r  
f u n c t i o n s  a r e  p r e s e n t e d  a s  Bode p l o t s .
A s t e a d y  s t a t e  g a i n  a n a l y s i s  o f  t h e  B e n z e n e  -  T o u l e n e  
d i s t i l l a t i o n  co lum n was made t o  d e m o n s t r a t e  how t h e
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c o m p u t e r  p r o g r a m  can  b e  u s e d  t o  s t u d y  t h e  s t e a d y  s t a t e  
s e n s i t i v i t y  which c a n  h e l p  t h e  d e s i g n  o f  t h e  c o n t r o l  
s y s t e m s .
Two c o lu m n s  a r e  p r e s e n t e d  i n  t h i s  r e s e a r c h ,  t h e  f i r s t  
d i s t i l l a t i o n  co lum n  i s  a Benzene  -  T o l u e n e  s y s t e m  w h ich  
c o n s i s t s  o f  n i n e t e e n  t r a y s ,  a h o r i z o n t a l  r e f l u x  drum, a 
h o r i z o n t a l  t o t a l  c o n d e n s e r  an d  a k e t t l e  r e b o i l e r .  The f e e d  
i n t r o d u c e d  i n t o  t h e  co lum n a t  t h e  1 4 th  t r a y  i s  a l l  l i q u i d  
w hich  c o n t a i n s  3 6 . 2 9  m ole  % o f  B e n z e n e .  T he  s e c o n d  co lum n 
i s  a P r o p a n e  -  B u ta n e  -  P e n t a n e  d i s t i l l a t i o n  c o lu m n .  T h e r e  
a r e  e l e v e n  s t a g e s  i n c l u d i n g  t h e  h o r i z o n t a l  t o t a l  c o n d e n s e r  
an d  t h e  k e t t l e  r e b o i l e r .  The t o t a l  c o n d e n s e r  i s  s t a g e  one  
a n d  t h e  r e b o i l e r  i s  s t a g e  e l e v e n .  The  r e f l u x  drum i s  
h o r i z o n t a l .  F e ed  s t a g e  i s  s t a g e  f i v e  a n d  t h e  f e e d  i s  a l l  
l i q u i d  which  c o n t a i n s  40 mole % P r o p a n e ,  25 m ole  % n o r m a l  
B u t a n e  an d  35 mole  % n o r m a l  P e n t a n e .  T he  s t e a d y  s t a t e  
p r o f i l e s  a n d  t h e  m e c h a n i c a l  d e s i g n  r e s u l t s  f o r  t h e s e  two 
c o l u m n s  a r e  l i s t e d  i n  t h e  m e c h a n i c a l  d e s i g n  m a n u a l .
A p p e n d ix  L ,  a s  e x a m p l e s  o n e  and  t h r e e .
S t e a d y  S t a t e  G a in  A n a l y s i s  Of The B e n z e n e - T o l u e n e  Column
The s t e a d y  s t a t e  g a i n  o f  t h e  p r o c e s s  t r a n s f e r  f u n c t i o n  
c a n  be  d e f i n e d  a s  t h e  r a t i o  o f  t h e  s t e a d y  s t a t e  c h a n g e  o f  
t h e  o u t p u t  v a r i a b l e  o v e r  t h e  c h a n g e  o f  t h e  i n p u t  v a r i a b l e .
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A p o s i t i v e  s t e a d y  s t a t e  g a i n  means  a n  i n c r e a s e  i n  t h e  
o u t p u t  f o r  a n  i n c r e a s e  i n  i n p u t .  A n e g a t i v e  s t e a d y  s t a t e  
g a i n  means a  d e c r e a s e  i n  t h e  o u t p u t  f o r  an i n c r e a s e  i n  
i n p u t .  I f  t h e  s t e a d y  s t a t e  g a i n s  o f  t h e  c h o s e n  p a i r s  o f  
c o n t r o l l e d  v a r i a b l e s  an d  m a n i p u l a t e d  v a r i a b l e s  a r e  g i v e n ,  
t h e  s i m p l e  " R e l a t i v e  G a in  A r r a y ” p r o p o s e d  by B r i s t o l  
( 1 9 6 6 ) ,  a s  m e n t i o n e d  i n  c h a p t e r  f i v e ,  c a n  o f f e r  a m e a s u re  
o f  t h e  i n t e r a c t i o n  t h a t  e x i s t s  b e t w e e n  t h e  l o o p s .
T a b l e s  2 To 8 c o n s t i t u t e  t h e  s t e a d y  s t a t e  g a i n  
a n a l y s i s  o f  t h e  B e n z e n e  -  T o l u e n e  d i s t i l l a t i o n  c o lu m n .  The 
r e f l u x  drum l e v e l  c o n t r o l l e r  a d j u s t s  t h e  r e f l u x  an d  t h e  
c o lum n  b a s e  l e v e l  c o n t r o l l e r  a d j u s t s  t h e  r e s i d u e  f lo w  r a t e .  
T h e s e  tw o  l e v e l  c o n t r o l  l o o p s  a r e  i n c l u d e d  a s  p a r t  o f  t h e  
d i s t i l l a t i o n  co lum n  p r o c e s s .  I n  t h e s e  T a b l e s ,  T (1) and  
1.(1) a r e  t h e  s t e a d y  s t a t e  g a i n s  o f  t h e  r e f l u x  drum 
t e m p e r a t u r e  a n d  o f  t h e  r e f l u x  f lo w  r a t e ,  r e s p e c t i v e l y .  TBC 
i s  t h e  s t e a d y  s t a t e  g a i n  o f  t h e  p r o c e s s  s t r e a m  t e m p e r a t u r e  
l e a v i n g  t h e  c o n d e n s e r .  I ,  V, T, P a n d  X a r e  r e s p e c t i v e l y  
t h e  s t e a d y  s t a t e  g a i n s  o f  t h e  l i q u i d  f l o w  r a t e ,  v a p o r  f lo w  
r a t e ,  t e m p e r a t u r e ,  p r e s s u r e  a n d  l i q u i d  mole f r a c t i o n  o f  
e a c h  t r a y  c o r r e s p o n d i n g  t o  t h e  t r a y  number  t o  t h e  l e f t  o f  
e a c h  t a b l e .
T h e  f o l l o w i n g  p h y s i c a l  d e s c r i p t i o n s  o f  t h e  r e s p o n s e  o f  
t h e  B enz ene  -  T o l u e n e  d i s t i l l a t i o n  co lum n  s u b j e c t  t o  
d i f f e r e n t  m a n i p u l a t e d  v a r i a b l e s  o r  d i s t u r b a n c e  v a r i a b l e s
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a r e  b a s e d  on t h e  s i g n s  o f  t h e  s t e a d y  s t a t e  g a i n s  i n  e a c h  
c o r r e s p o n d i n g  t a b l e .  The values  o f  t h e  s t e a d y  s t a t e  g a i n s  
were v e r i f i e d  by c o m p a r i s o n  w i th  g a i n s  g e n e r a t e d  by
t h e  s t e a d y  s t a t e  p r o g r a m .
T a b l e  2 : I n c r e a s e  o f  t h e  r e b o i l e r  s u p p l y  s t e a m  t e m p e r a t u r e .
As t h e  r e b o i l e r  s t e a m  s i d e  c o n d e n s a t i o n  
t e m p e r a t u r e  r i s e s ,  more  h e a t  i s  t r a n s f e r r e d  i n t o  t h e  column 
b a s e .  T h i s  h i g h e r  h e a t  t r a n s f e r  r a t e  b r i n g s  up t h e  co lum n 
t e m p e r a t u r e ,  t h e  c o lu m n  p r e s s u r e  an d  t h e  v a p o r  f l o w  r a t e ,  
a s  shown by  t h e  p o s i t i v e  s i g n s  o f  t h e  s t e a d y  s t a t e  i n  t h e  
t a b l e  u n d e r  l a b e l  T,  P an d  V. S i n c e  t h e  d i s t i l l a t e  and 
r e s i d u e  f lo w  r a t e s  a r e  k e p t  c o n s t a n t ,  t h e  r e f l u x  i n c r e a s e s  
an d  s e p a r a t i o n  i m p r o v e s .
T a b l e  3 : I n c r e a s e  o f  t h e  c o o l a n t  f l o w  r a t e .
When t h e  c o o l a n t  f lo w  r a t e  i n c r e a s e s ,  more h e a t  i s  
c a r r i e d  o u t  by t h e  c o o l a n t ,  i . e .  t h e  c o n d e n s e r  d u t y  
i n c r e a s e s ,  l o w e r i n g  t h e  co lum n t e m p e r a t u r e ,  a s  shown by t h e  
n e g a t i v e  s i g n s  o f  t h e  s t e a d y  s t a t e  g a i n s  i n  t h e  t a b l e  u n d e r  
t e m p e r a t u r e  T.  S i n c e  t h e  co lum n b a s e  t e m p e r a t u r e  
d e c r e a s e s ,  t h e  o v e r a l l  t e m p e r a t u r e  d i f f e r e n c e  f o r  t h e  
r e b o i l e r  i n c r e a s e s .  T h e r e f o r e ,  t h e  r e b o i l e r  h e a t  t r a n s f e r  
r a t e  i n c r e a s e s  i n  o r d e r  t o  m ee t  t h e  co lum n e n t h a l p y  
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B - T  S Y S T E H .  2 1  S .  L  F .  F  S  MO 1 5 .  P R E S S U R E  M O D E L .  
D I S T I L L A T I O H  r O H E R ” S  S T E A D Y  S T A T E  G A I N  FOR I N P U T  V A R I A B L E  F H
T ( 1 ) =  - 2 0 . 5 8 9 7 2 1 7
L ( 1 ) ~  0 . 0 8 1 5 6 8 1
T B C  =  - 2 0 . 5 3 9 7 2 1 7
X =  0 . 0 0 0 1 2 7 4  - 0 . 0 0 0 1 2 7 4
L ( L B M 0 L E / S E C ) /  
( LB M0 LE/ SEC )
V ( L B M 0 L E / S E C ) /  
(L BM0 LE / S EC )
T  ( F ) /  
(L BM0 LE / S EC )
P  ( P S I ) /  
(L BM0 LE / S EC )
o f l M W s
(m o
0 . 0 8 2 7 6 4 6 0 . 0 8 1 5 6 8 1 - 1 9 . 7 1 1 2 4 2 7 - 7 . 1 3 8 7 3 0 0 ( L W » 4 5
0 . 0 8 2 8 3 5 2 0 . 0 8 2 7 6 5 3 - 1 9 . 6 3 3 8 5 0 1 - 7 . 1 2 3 9 7 5 8 0 . 0 0 0 6 6 1 4 - 0 . 0 0 0 6 6 1 4
0 . 0 8 2 9 3 3 2 0 . 0 8 2 8 3 5 0 - 1 9 . 5 7 1 2 1 2 8 - 7 . 1 0 9 2 7 5 8 0 . 0 0 1 3 7 1 4 - 0 . 0 0 1 3 7 1 4
0 . 0 8 3 0 8 4 6 0 . 0 8 2 9 3 3 4 -  1 9 . 5 3 7 1 7 0 4 - 7 . 0 9 4 5 6 7 3 0 . 0 0 2 7 8 4 9 - 0 . 0 0 2 7 8 4 9
0 . 0 8 3 3 3 8 6 0 . 0 8 3 0 9 4 5 - 1 9 . 5 5 8 9 4 4 7 - 7 . 0 7 9 8 4 4 5 0 . 0 0 5 5 7 2 2 - 0 . 0 0 5 5 7 2 2
0 . 0 8 3 7 8 0 5 0 . 0 8 3 3 3 9 5 - 1 9 . 6 8 8 5 3 7 6 - 7 . 0 6 5 1 0 9 3 0 . 0 1 1 0 0 1 9 - 0 . 0 1 1 0 0 1 9
0 . 0 8 4 5 4 5 9 0 . 0 8 3 7 8 0 5 - 2 0 . 0 2 0 6 1 4 6 - 7 . 0 5 0 3 5 3 1 0 . 0 2 1 3 0 6 5 - 0 . 0 2 1 3 0 6 5
0 . 0 8 5 7 7 7 9 0 . 0 8 4 5 4 6 4 - 2 0 . 7 1 2 2 9 5 5 - 7 . 0 3 5 5 5 3 0 0 . 0 3 9 9 5 1 4 - 0 . 0 3 9 9 5 1 4
0 . 0 8 7 4 2 8 2 0 . 0 8 5 7 7 ( 1 0 - 2 1 . 9 6 9 5 4 3 5 - 7 . 0 2 0 7 0 1 4 0 . 0 7 0 6 1 3 3 - 0 . 0 7 0 6 1 3 3
0 . 0 8 8 7 7 3 7 0 . 0 8 7 4 2 8 7 - 2 3 . 8 9 7 0 9 4 7 - 7 . 0 0 5 8 1 3 6 0 . 1 1 2 3 1 1 2 - 0 . 1 1 2 3 1 1 2
0 . 0 8 8 2 2 1 7 0 . 0 8 8 7 7 4 3 - 2 6 . 0 9 6 3 7 4 5 - 6 . 9 9 0 9 6 6 8 0 . 1 5 0 3 1 8 3 - 0 . 1 5 0 3 1 8 3
0 . 0 8 4 7 9 4 8 0 . 0 8 8 2 2 2 7 - 2 7 . 3 6 6 6 0 7 7 - 6 . 9 7 6 3 3 9 3 0 . 1 5 7 6 8 6 4 - 0 . 1 5 7 6 8 6 4
0 . 0 8 0 0 7 1 0 0 . 0 8 4 7 9 5 0 - 2 6 . 5 5 6 8 5 4 2 - 6 . 9 6 2 0 5 2 3 0 . 1 2 3 6 2 7 8 - 0 .  1 2 3 6 2 7 8
0 . 0 6 6 4 6 2 6 0 . 0 8 0 0 7 1 6 - 2 4 . 0 2 9 2 6 6 4 - 6 . 9 4 7 9 5 5 1 0 . 0 6 9 8 6 5 9 - 0 . 0 6 9 8 6 5 9
0 . 0 6 4 5 7 3 3 0 . 0 6 6 4 6 3 0 - 2 3 . 0 7 0 6 3 2 9 - 6 . 9 3 5 9 5 8 9 0 . 0 4 9 6 0 2 2 - 0 . 0 4 9 6 0 2 2
0 . 0 6 3 4 4 8 7 0 . 0 6 4 5 7 4 2 - 2 1 . 8 8 2 5 5 3 1 - 6 . 9 2 4 1 2 4 7 0 . 0 2 9 4 3 7 6 - 0 . 0 2 9 4 3 7 6
0 . 0 6 3 0 3 9 1 0 . 0 6 3 4 4 9 6 - 2 0 . 8 4 2 8 4 9 7 - 6 . 9 1 2 1 6 9 5 0 . 0 1 4 4 3 6 3 - 0 . 0 1 4 4 3 6 3
0 . 0 6 3 0 0 7 0 0 . 0 6 3 0 3 9 8 - 2 0 . 1 3 9 8 0 1 0 - 6 . 9 0 0 0 8 8 3 0 . 0 0 5 6 0 9 6 - 0 . 0 0 5 6 0 9 6
0 . 0 6 3 0 9 0 0 0 . 0 6 3 0 0 7 5 -  1 9 . 7 4 7 6 6 5 4 - 6 . 8 8 7 9 3 5 6 0 . 0 0 1 4 2 1 8 - 0 . 0 0 1 4 2 1 8
- 0 . 0 0 0 0 0 0 8 0 . 0 6 3 0 9 0 7 - 1 9 . 5 5 5 4 3 5 2 - 6 . 8 7 5 7 6 6 8 - 0 . 0 0 0 0 7 4 8 0 . 0 0 0 0 7 4 8
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d i s t i l l a t e  an d  r e s i d u e  f lo w  r a t e s  a r e  k e p t  c o n s t a n t ,  t h e  
r e f l u x  i n c r e a s e s  an d  s e p a r a t i o n  i m p r o v e s .
T a b l e  4 : I n c r e a s e  o f  t h e  d i s t i l l a t e  p r o d u c t  r a t e .
The i n c r e a s e  o f  t h e  d i s t i l l a t e  p r o d u c t  r a t e  c a u s e s  
t h e  r e f l u x  drum l e v e l  c o n t r o l l e r  t o  c u t  b ac k  t h e  r e f l u x .  
T h i s  i n  t u r n  r e d u c e s  t h e  l i q u i d  f l o w  r a t e  i n  t h e  w h o le  
c o lu m n .  S i n c e  t h e  d i s t i l l a t e  r a t e  i n c r e a s e s ,  more B en z en e  
( l i g h t  com ponen t )  l e a v e s  t h e  co lum n and t h e  Benzene  
c o n c e n t r a t i o n  i n  t h e  w h o le  co lum n  g o e s  down. I n  o r d e r  t o  
m ee t  t h e  t o t a l  m a t e r i a l  b a l a n c e ,  t h e  t o w e r  b a s e  l e v e l  
c o n t r o l l e r  c u t s  b a c k  t h e  r e s i d u e  f l o w  r a t e .  T h e r e f o r e ,  t h e  
T o l u e n e  (h e a v y  co m p o n en t )  c o m p o s i t i o n  i n  t h e  co lum n g o e s  
u p .  More T o l u e n e  a t  t h e  co lum n b a s e  w i t h  l e s s  l i q u i d  r a t e  
c a u s e s  t h e  b a s e  t e m p e r a t u r e  t o  go up and  t h e  r e b o i l e r  d u t y  
to  c u t  b a c k .  A c c o r d i n g l y ,  l e s s  v a p o r  i s  g e n e r a t e d .  The 
co lum n  t o p  t e m p e r a t u r e  a l s o  g o e s  down t o  r e d u c e  t h e  
c o n d e n s e r  d u t y  i n  o r d e r  t o  m ee t  t h e  t o t a l  e n t h a l p y  b a l a n c e .
T a b l e  5 : I n c r e a s e  o f  t h e  c o o l a n t  i n l e t  t e m p e r a t u r e .
The i n c r e a s e  o f  t h e  c o o l a n t  i n l e t  t e m p e r a t u r e  
r e d u c e s  t h e  c o n d e n s e r  d u t y  and  i n c r e a s e s  t h e  co lum n 
t e m p e r a t u r e  and  p r e s s u r e .  The r e b o i l e r  d u t y  i s  t h e n  c u t  
b a c k  an d  l e s s  v a p o r  i s  g e n e r a t e d .  T h i s  r e d u c e s  t h e  r e f l u x  






















B - T  S Y S T E H .  2 1  S .  L  F .  P  S  N O  1 5 .  P B E S S O R E  M O D E L .
D I S T I L L A T I O H  T 3 H E B " S  S T E A D Y  S T A T E  G A I M  F OB  I N P O T  V A B I A B L E  S S L  (  1)
T ( l )  =  - 3 8 4 . 7 7 9 5 4
L { 1 )  =  - 2 . 4 4 0 8 8
TBC =  - 3 8 4 . 7 7 9 5 4
X =  - 0 . 0 5 1 3 0  0 . 0 5 1 3 0
L  (LB M 0LE/SEC )/ 
(LBM0LE/SEC)
V (LBM 0LE/SEC)/ 
(LBM0LE/SEC)
T
( F ) / (LBM0LE/SEC)
P  ( p s i ) /  
(LBM0LE/SEC)
X ( B E N Z E N E )
(MOLE FRACTION)/ 
(LBM 2)LE/sJ5j
( mM » )
(LBM0AE ^ 5- 2 . 4 6 2 1 2 - 1 . 4 4 0 8 3 - 3 8 5 . 1 4 0 6 2 - 1 4 1 . 3 2 7 1 5
- 2 . 4 7 7 5 0 - 1 . 4 6 2 1 2 - 3 7 8 . 9 5 9 7 2 - 1 4 1 . 6 3 9 3 0 - o J  2 8 3  10 0 . 2 8 3 1 0
- 2 . 5 0 8 6 5 - 1 . 4 7 7 4 9 - 3 6 6 . 1 9 4 0 9 - 1 4 1 . 9 5 1 1 1 - 0 . 6 1 0 9 0 0 . 6 1 0 9 0
- 2 . 5 7 2 4 3 - 1 . 5 0 8 6 5 - 3 3 9 . 7 0 7 7 6 - 1 4 2 . 2 6 4 7 1 - 1 . 2 9 4 3 0 1 . 2 9 4 3 0
- 2 . 7 0 3 0 8 - 1 . 5 7 2 4 2 - 2 8 4 . 7 9 1 7 5 - 1 4 2 . 5 8 1 8 6 - 2 . 7 1 1 8 5 2 . 7 1 1 8 5
- 2 . 9 6 7 2 0 - 1 . 7 0 3 0 8 - 1 7 1 . 6 1 3 4 2 - 1 4 2 . 9 0 6 3 9 - 5 . 6 2 3 2 0 5 . 6 2 3 2 0
- 3 . 4 8 4 7 4 - 1 . 9 6 7 1 8 5 8 . 1 8 4 0 8 - 1 4 3 . 2 4 5 4 4 - 1 1 . 4 8 1 3 8 1 1 . 4 8 1 3 8
- 4 . 4 3 2 6 0 - 2 . 4 8 4 7 4 5 1 0 . 3 6 1 3 3 - 1 4 3 . 6 1 1 5 4 - 2 2 . 7 8 9 1 7 2 2 . 7 8 9 1 7
- 5 . 9 4 6 7 5 - 3 . 4 3 2 5 8 1 3 4 5 . 1 4 3 8 0 - 1 4 4 . 0 2 2 9 5 - 4 2 . 8 6 0 3 7 4 2 . 8 6 0 3 7
- 7 . 7 7 8 8 9 - 4 . 9 4 6 7 3 2 7 0 4 . 6 5 5 2 7 - 1 4 4 . 4 9 1 2 7 - 7 3 . 0 6 8 7 3 7 3 . 0 6 8 7 3
- 8 . 9 1 9 8 6 - 6 . 7 7 8 7 6 4 4 4 8 . 1 6 4 0 6 - 1 4 4 . 9 8 2 2 5 - 1 0 6 . 0 6 1 1 6 1 0 6 . 0 6 1 1 6
- 8 . 2 5 9 8 5 - 7 . 9 1 9 8 0 5 8 4 1 . 9 2 9 6 9 - 1 4 5 . 3 7 5 4 0 - 1 2 3 . 2 8 1 5 2 1 2 3 . 2 8 1 5 2
- 6 . 1 7 6 9 1 - 7 . 2 5 9 6 4 5 9 5 1 . 9 4 5 3 1 - 1 4 5 . 5 3 1 0 4 - 1 1 1 . 9 7 4 1 7 1 1 1 . 9 7 4 1 7
- 5 . 4 5 2 7 2 - 5 . 1 7 6 7 5 4 7 2 1 . 9 1 7 9 7 - 1 4 5 . 4 6 2 0 2 - 8 1 . 7 1 2 3 1 8 1 . 7 1 2 3 1
- 4 . 1 5 7 9 5 - 4 . 4 5 2 5 3 4 8 2 8 . 0 0 7 8 1 - 1 4 5 . 1 3 3 9 7 - 7 7 . 0 0 6 2 1 7 7 . 0 0 6 2 1
- 2 . 9 6 6 5 3 - 3 . 1 5 7 8 1 4 1 5 2 . 1 2 1 0 9 - 1 4 4 . 6 5 4 8 8 - 6 2 . 2 7 1 0 1 6 2 . 2 7 1 0 1
- 2 . 2 9 9 2 0 - 1 . 9 6 6 3 7 3 0 3 0 . 1 1 5 4 8 - 1 4 4 . 1 8 0 3 9 - 4 4 . 2 2 6 3 8 4 4 . 2 2 6 3 8
- 2 . 1 0 4 6 8 - 1 . 2 9 9 0 4 1 8 9 0 . 2 1 1 4 3 - 1 4 3 . 8 5 2 9 7 - 2 8 . 3 2 2 7 5 2 8 . 3 2 2 7 5
- 2 . 1 4 8 5 3 - 1 . 1 0 4 5 2 9 7 9 . 6 3 4 0 3 - 1 4 3 . 7 2 6 2 0 - 1 6 . 6 2 4 6 9 1 6 . 6 2 4 6 9























B - T  S I S T E R .  2 1  S .  L  P .  P S  NO 1 5 .  P R E S S U R E  M O D E L .
D I S T I L L A T I O N  1 0 H E R " S  S T E A D Y  S T A T E  G A I N  FOR I N P U T  V A R I A B L E  T H I N
T  ( 1 1 =  0 . 4 3 3 4 9 6 2
L (  1 )  =  - 0 . 0 0 1 7 1 7 4
T B C  =  0 . 4 3 3 4 9 6 2
X =  - 0 . 0 0  0  0 0 2  7  0 . 0 0 0 0 0 2 7
L  ( L B M 0 L E / S E C ) / V ( L B M 0 L E / S E C ) / T
( F ) ( F ) ( F ) / ( F )
- 0 . 0 0 1 7 4 2 6 - 0 . 0 0 1 7 1 7 4 0 . 4 1 5 0 0 0 8
- 0 . 0 0 1 7 4 4 1 - 0 . 0 0 1 7 4 2 6 0 . 4 1 3 3 7 1 3
- 0 . 0 0 1 7 4 6 1 - 0 . 0 0 1 7 4 4 1 0 . 4 1 2 0 5 2 9
- 0 . 0 0 1 7 4 9 3 - 0 . 0 0 1 7 4 6 1 0 . 4 1 1 3 3 6 4
- 0 . 0 0 1 7 5 4 7 - 0 . 0 0 1 7 4 9 3 0 . 4 1 1 7 9 5 1
- 0 . 0 0 1 7 6 4 0 - 0 . 0 0 1 7 5 4 7 0 . 4 1 4 5 2 3 7
- 0 . 0 0 1 7 8 0 1 - 0 . 0 0 1 7 6 4 0 0 . 4 2 1 5 1 5 7
- 0 . 0 0 1 8 0 6 0 - 0 . 0 0 1 7 8 0 1 0 . 4 3 6 0 7 8 2
- 0 . 0 0 1 8 4 0 8 - 0 . 0 0 1 8 0 6 0 0 . 4 6 2 5 4 8 5
- 0 . 0 0 1 8 6 9 1 - 0 . 0 0 1 8 4 0 B 0 . 5 0 3 1 3 2 5
- 0 . 0 0 1 8 5 7 5 - 0 . 0 0 1 8 6 9 1 0 . 5 4 9 4 3 6 6
- 0 . 0 0 1 7 8 5 3 - 0 . 0 0 1 8 5 7 5 0 . 5 7 6 1 8 0 4
- 0 . 0 0 1 6 8 5 8 - 0 . 0 0 1 7 8 5 3 0 . 5 5 9 1 3 2 3
- 0 . 0 0 1 3 9 9 3 - 0 . 0 0 1 6 8 5 8 0 . 5 0 5 9 1 5 5
- 0 . 0 0 1 3 5 9 6 - 0 . 0 0 1 3 9 9 3 0 . 4 8 5 7 3 2 9
- 0 . 0 0 1 3 3 5 9 - 0 . 0 0 1 3 5 9 6 0 . 4 6 0 7 1 9 1
- 0 . 0 0 1 3 2  7 2 - 0 . 0 0 1 3 3 5 9 0 . 4 3 8 8 2 9 3
- 0 . 0 0 1 3 2 6 6 - 0 . 0 0 1 3 2 7 3 0 . 4 2 4 0 2 7 7
- 0 . 0 0 1 3 2 8 3 - 0 . 0 0 1 3 2 6 6 0 . 4 1 5 7 7 1 4
0 . 0 0 0 0 0 0 0 - 0 . 0 0 1 3 2 8 3 0 . 4 1 1 7 2 4 6
P X ( B E N Z E N E ) X ( T O U L E N E )
m ? 9 > 8 8
(M0LE F R A C T I 0 N ) / ( F ) (M0LE F RACT I0 N)  /
- 0 . 0 0 0 0 0 6 4 0 . 0 0 3 0 0 6 4
0 .  1 4 9 9 8 8 3 - 0 . 0 0 0 0 1 3 9 0 . 0 0 0 0 1 3 9
0 .  1 4 9 6 7 8 9 - 0 . 0 0 0 0 2 8 9 0 . 0 0 0 0 2 8 9
0 . 1 4 9 3 6 9 2 - 0 . 0 0 0 0 5 8 6 0 . 0 0 0 0 5 8 6
0 . 1 4 9 0 5 9 4 - 0 . 0 0 0 1 1 7 3 0 . 0 0 0 1 1 7 3
0 .  1 4 8 7 4 9 2 - 0 . 0 0 0 2 3 1 6 0 . 0 0 0 2 3 1 6
0 . 1 4 8 4 3 8 6 - 0 . 0 0 0 4 4 8 6 0 . 0 0 0 4 4 8 6
0 . 1 4 0 1 2 7 1 - 0 . 0 0 0 8 4 1 1 0 . 0 0 0 8 4 1 1
0 . 1 4 7 8 1 4 5 - 0 . 0 0 1 4 8 6 7 0 . 0 0 1 4 8 6 7
0 .  1 4 7 5 0 1 1 - 0 . 0 0 2 3 6 4 6 0 . 0 0 2 3 6 4 6
0 . 1 4 7 1 8 8 5 - 0 . 0 0 3 1 6 4 8 0 . 0 0 3 1 6 4 8
0 . 1 4 6 8 8 0 7 - 0 . 0 0 3 3 2 0 0 0 . 0 0 3 3 2 0 0
0 .  1 4 6 5 7 9 9 - 0 . 0 0 2 6 0 2 9 0 . 0 0 2 6 0 2 9
0 . I 4 b 2 8 3 2 - 0 . 0 0 1 4 7 1 0 0 . 0 0 1 4 7 1 0
0 . 1 4 6 0 3 0 7 - 0 . 0 0 1 0 4 4 3 0 . 0 0 1 0 4 4 3
0 . 1 4 5 7 8 1 6 - 0 . 0 0 0 6 1 9 8 0 . 0 0 0 6 1 9 8
0 . 1 4 5 5 3 0 0 - 0 . 0 0 0 3 0 3 9 0 . 0 0 0 3 0 3 9
0 . 1 4 5 2 7 5 7 - 0 . 0 0 0 1 1 8 1 0 . 0 0 0 1 1 8 1
0 . 1 4 5 0 1 9 9 - 0 . 0 3 0 0 2 9 9 0 . 0 0 0 0 2 9 9
0 .  1 4 4 7 6 3 8 0 . 0 0 0 0 0 1 6 - 0 . 0 0 0 0 0 1 6
100
101
T a b l e  6 : I n c r e a s e  o f  t h e  f e e d  r a t e .
The i n c r e a s e  o f  t h e  l i q u i d  f e e d  r e d u c e s  t h e  
s t r i p p i n g  s e c t i o n  t e m p e r a t u r e .  T h i s  b r i n g s  more h e a t  i n t o  
t h e  co lum n b a s e ,  b u t  t h e  h e a t  t r a n s f e r  i s  n o t  en o u g h  t o  do 
a good  s e p e r a t i o n  j o b  i f  t h e  r e b o i l e r  s t e a m  c o n t r o l  l o o p  
r e m a i n s  o p e n e d .  So ,  t h e  B en z en e  ( l i g h t  com p o n en t )  mole 
f r a c t i o n  a t  t h e  b o t t o m  i n c r e a s e s ,  b u t  s t i l l  more v a p o r  i s  
g e n e r a t e d .  T h i s  b r i n g s  up t h e  p r e s s u r e  and t h e  r e f l u x ,  (as  
shown by t h e  p o s i t i v e  s i g n s  o f  t h e  s t e a d y  s t a t e  g a i n s  i n  
t h e  t a b l e  u n d e r  P and L ( 1 ) ) .  The co lum n t o p  t e m p e r a t u r e  
i n c r e a s e s  t o  t r a n s f e r  more h e a t  o u t  f rom  t h e  c o n d e n s e r  i n  
o r d e r  t o  meet  t h e  e n t i r e  co lum n e n t h a l p y  b a l a n c e .
T a b l e  7 : I n c r e a s e  o f  t h e  f e e d  Benzene  c o n c e n t r a t i o n
The i n c r e a s e  o f  t h e  f e e d  B enzene  c o n c e n t r a t i o n  
c a u s e s  t h e  B e n z e n e  c o n c e n t r a t i o n  e v e r y w h e r e  i n  t h e  co lum n 
t o  go up .  S i n c e  more l i g h t  c o m p o n e n t  i s  i n  t h e  s t r i p p i n g  
s e c t i o n ,  t h e  b u b b l e  p o i n t  t e m p e r a t u r e  g o e s  down,  a n d  t h e  
r e b o i l e r  h e a t  d u t y  i n c r e a s e s .  T h e r e f o r e ,  t h e  p r e s s u r e  and 
v a p o r  f l o w  r a t e  go u p .  The co lumn t o p  t e m p e r a t u r e  
i n c r e a s e s  t o  t r a n s f e r  more h e a t  o u t  f ro m  t h e  c o n d e n s e r  i n  
o r d e r  t o  m ee t  t h e  t o t a l  co lum n  e n t h a l p y  b a l a n c e .
T a b l e  8 : I n c r e a s e  o f  t h e  s u p p l y  s t e a m  v a l v e  o p e n i n g .
TABLE 6
B - T  S f S T E H .  2 1  S .  L  P .  P  S  MO 1 5 .  P B E S S O B E  M O D E L .
D I S T I L L A T I O N  T O  WEB " S  S T E A D I  S T A T E  G A I H  F O B  I U P U T  V A R I A B L E  F L  (  1 5 )
T ( 1 ) =  1 2 7 . 9 8 4 3 4
L ( 1 1 — 0 . 4 7 9 2 2
T B C  =  1 2 7 . 9 8 4 3 4
X =  0 . 0 1 5 8 5  - 0 . 0 1 5 8 5
L  (LB M 0LE/SEC )/ V (LB M 0LE/SEC )/ T  ( F ) /
(LBM0LE/SEC) (LBM0LE/SEC) (LBM0LE/SEC)
2 0 . 4 8 4 7 3 0 . 4 7 9 2 2 1 2 8 . 1 7 4 3 6
3 0 . 4 8 9 3 0 0 . 4 8 4 7 3 1 2 6 . 2 0 4 8 34 0 . 4 9 8 8 3 0 . 4 8 9 3 0 1 2 2 . 1 7 5 0 8
5 0 . 5 1 8 6 6 0 . 4 9 8 8 3 1 1 3 . 8 3 2 4 9
6 0 . 5 5 9 7 0 0 . 5 1 8 6 6 9 6 . 5 1 2 4 4
7 0 . 6 4 3 2 9 0 . 5 5 9 7 0 6 0 . 7 0 7 5 5a 0 . 8 0 8 1 1 0 . 6 4 3 2 8 - 1 2 . 2 7 9 9 7
9 1 . 1 1 1 8 3 0 . 8 0 8 1 0 - 1 5 6 . 5 5 6 7 9
1 0 1 . 6 0 0 4 2 1 . 1 1 1 8 3 - 4 2 4 . 3 1 1 5 2
i i 2 . 1 9 7 9 0 1 . 6 0 0 4 2 - 8 6 3 . 1 8 1 6 4
1 2 2 . 5 8 1 5 7 2 . 1 9 7 8 8 - 1 4 3 1 . 3 6 0 1 1
1 3 2 . 3 8 B 2 7 2 . 5 8 1 5 7 - 1 8 9 5 . 3 1 7 3 8
1 4 1 . 7 2 8 6 0 2 . 3 8 8 2 3 - 1 9 5 1 . 3 3 2 5 2
1 5 2 . 5 3 3 7 7 1 . 7 2 8 5 6 -  1 5 7 3 . 3 4 2 7 7
1 6 2 . 1 0 7 3 3 1 . 5 3 3 7 3 - 1 6 3 4 . 3 9 9 4 1
1 7 1 . 7 0 5 2 7 1 . 1 0 7 2 9 - 1 4 2 3 . 0 5 6 8 8
I B 1 . 4 7 7 0 9 0 . 7 0 5 2 2 - 1 0 4 9 . 9 7 3 3 9
1 9 1 . 4 1 0 1 9 0 . 4 7 7 0 4 - 6 6 2 . 6 4 9 4 1
2 0 1 . 4 2 5 9 9 0 . 4 1 0 1 4 - 3 4 9 . 1 4 6 7 3
2 1 1 . 0 0 0 0 5 0 . 4 2 5 9 4 - 1 2 9 . 1 7 2 1 8
P  ( P S I ) /  
(LBM0LE/SEC) 
4 6 . 9 9 1 3 0
o^nsm/dBT.yfm mum(LBM0LE/SECJ- 0 . 0 3 8 9 9
4 7 . 0 7 7 5 1 0 . 0 8 7 6 6 - 0 . 0 8 7 6 6
4 7 . 1 6 3 5 4 0 . 1 8 9 8 3 - 0 . 1 8 9 8 3
4 7 . 2 5 0 0 9 0 . 4 0 3 7 9 - 0 . 4 0 3 7 9
4 7 . 3 3 7 7 1 0 . 8 4 9 6 0 - 0 . 8 4 9 6 0
4 7 . 4 2 7 6 4 1 . 7 6 9 4 3 j - 1 . 7 6 9 4 3
4 7 . 5 2 2 1 3 3 . 6 2 9 0 3 - 3 . 6 2 9 0 3
4 7 . 6 2 5 2 0 7 . 2 3 6 4 2 - 7 . 2 3 6 4 2
4 7 . 7 4 2 7 7 1 3 . 6 7 5 1 3 - 1 3 . 6 7 5 1 3
4 7 . 8 7 8 7 2 2 3 . 4 3 3 2 6 - 2 3 . 4 3 3 2 6
4 8 . 0 2 2 2 9 3 4 . 2 1 1 4 0 - 3 4 . 2 1 1 4 0
4 8 . 1 3 4 6 3 4 0 . 0 4 9 8 2 - 4 0 . 0 4 9 8 2
4 8 . 1 6 9 8 5 3 6 . 7 3 3 0 8 - 3 6 . 7 3 3 0 8
4 8 . 1 3 0 4 3 2 7 . 2 1 1 3 2 - 2 7 . 2 1 1 3 2
4 8 . 0 5 9 9 4 2 6 . 0 2 3 7 6 - 2 6 . 0 2 3 7 6
4 7 . 9 3 6 0 8 2 1 . 2 7 8 3 4 - 2 1 . 2 7 8 3 4
4 7 . 8 1 1 9 4 1 5 . 2 4 6 2 3 - 1 5 . 2 4 6 2 3
4 7 . 7 3 7 1 5 9 . 8 3 4 4 9 - 9 . 8 3 4 4 9
4 7 . 7 3 1 2 5 5 . 8 0 5 9 9 - 5 . 8 0 5 9 9























B-T SISTEfl.  21  S .  L P .  P S  HO 1 5 .  PRESSURE MODEL.
DISTILLATION TOHEB"S STEADY STATE GAIN FOR INPUT VARIABLE ZL ( 1 , 1 5  )
T (1) = 1 1 9 .8 0 4 2 1
l ( 1 ) =  0 .4 4 8 4 8
TBC -  1 1 9 .8 0 4 2 1
X a  0 .0 1 1 0 1  - 0 . 0 1 1 0 1
. (LB M 0LE/SEC )/ V (LBM OLE/SEC)/ T ( F ) / P ( P S I ) / X (BENZENE! X (TOOL EH El
(MOLE FRACTION) 
0 .4 5 3 1 1
(MOLE FRACTION) 
0 . 4 4 8 4 8
(M0LE FRACTI0N) 
1 2 0 .2 0 0 5 2
(M0LE FRACTION) 
4 3 .9 3 5 9 9
(M0LE FRACTION)/
w y i i r
0 .4 5 6 3 0 0 . 4 5 3 1 2 1 1 8 .8 0 8 3 6 4 4 . 0 1 6 6 6 0 . 0 6 0 9 4 - 0 . 0 6 0 9 4
0 .4 6 2 9 2 0 . 4 5 6 3 0 1 1 5 .9 8 4 5 0 4 4 . 0 9 7 1 4 0 . 1 3 1 9 8 - 0 . 1 3 1 9 8
0 .4 7 6 6 9 0 . 4 6 2 9 2 1 1 0 .1 6 2 9 0 4 4 .1 7 7 9 6 0 . 2 8 0 7 6 - 0 . 2 8 0 7 6
0 .5 0 5 1 8 0 . 4 7 6 6 9 9 8 .1 0 1 2 0 4 4 . 2 5 9 5 4 0 . 5 9 0 8 0 - 0 . 5 9 0 8 0
0 .5 6 3 1 7 0 . 5 0 5 1 8 7 3 .1 8 9 2 7 4 4 .3 4 2 6 8 1 .2 3 0 5 2 - 1 . 2 3 0 5 2
0 .6 7 7 5 1 0 . 5 6 3 1 7 2 2 .4 2 8 0 1 4 4 .4 2 9 0 0 2 . 5 2 3 9 2 - 2 . 5 2 3 9 20 .8 8 8 1 8 0 .6 7 7 5 1 - 7 7 . 8 9 6 5 6 4 4 . 5 2 1 2 4 5 . 0 3 3 1 2 - 5 . 0 3 3 1 2
1 .2 2 6 9 4 0 . 8 8 8 1 7 - 2 6 4 . 0 6 7 3 8 4 4 . 6 2 3 5 2 9 . 5 1 1 9 2 - 9 . 5 1 1 9 2
1 .6 4 0 7 5 1 .2 2 6 9 4 - 5 6 9 . 1 9 2 6 3 4 4 .7 3 8 5 1 1 6 .2 9 9 9 6 - 1 6 . 2 9 9 9 6
1 .9 0 5 1 8 1 .6 4 0 7 4 - 9 6 4 .1 4 1 6 0 4 4 . 8 5 8 6 4 2 3 . 7 9 7 2 3 - 2 3 . 7 9 7 2 3
1 .7 6 8 1 0 1 .9 0 5 1 8 -  1 2 8 6 .4 0 4 3 0 4 4 . 9 5 6 9 2 2 7 .8 5 6 5 5 - 2 7 . 8 5 6 5 5
1 .3 0 7 2 4 1 .7 6 8 0 7 - 1 3 2 4 . 6 9 3 1 2 4 5 . 0 0 1 5 3 2 5 .5 4 4 4 6 - 2 5 . 5 4 4 4 6
1 .1 0 5 0 5 1 .3 0 7 2 2 - 1 0 6 0 .9 8 0 9 6 4 4 .9 9 4 2 9 1 8 .9 1 4 0 8 - 1 8 . 9 1 4 0 8
0 . 8 0 6 2 3 0 . 9 2 6 4 1 - 1 0 8 5 . 1 2 4 7 6 4 4 . 8 9 5 6 5 1 7 .8 1 9 8 7 - 1 7 . 8 1 9 8 7
0 .5 3 1 0 4 0 . 6 2 7 5 9 - 9 2 8 . 5 3 4 4 2 4 4 .7 6 2 3 3 1 4 .4 0 8 0 4 - 1 4 . 4 0 8 0 4
0 . 3 7 6 7 9 0 . 3 5 2 4 0 - 6 6 8 . 9 0 3 0 8 4 4 . 6 3 0 0 4 1 0 .2 3 2 3 9 - 1 0 . 2 3 2 3 9
0 . 3 3 1 7 2 0 . 1 9 8 1 4 - 4 0 5 . 2 3 9 9 9 4 4 . 5 3 1 7 5 6 . 5 5 2 9 2 - 6 . 5 5 2 9 2
0 .3 4 1 6 9 0 . 1 5 3 0 7 - 1 9 4 . 6 8 3 5 9 4 4 . 4 7 9 8 9  • 3 .B 4 6 6 6 - 3 . 8 4 6 6 6























B - T  SYSTEM. 2 1  S .  L  P .  P  S NO 1 5 .  PRESSURE MODEL.
DISTILLATION rONEB»S STEADY STATE GAIN FOR INPUT VARIABLE CM
T  (1 ) =  1 5 3 . 9 0 7 2 7 2
L  ( 1 )  =  0 . 5 7 5 7 0 6 5
T B C  a  1 5 3 . 9 0 7 2 7 2  
X a  0 . 0 0 0 0 5 B 8  - 0 . 0 0 0 0 5 8 8
L
(LBM 0LE/SEC )/ 
(FRACTION VALVE 
0PENING) 
0 . 5 7 9 7 5 7 8  
0 . 5 7 9 8 1 9 9  
0 . 5 7 9 8 8 1 6  
0 . 5 7 9 9 2 0 5  
0 . 5 7 9 9 9 3 7  
0 . 5 7 9 8 9 1 6  
0 . 5 7 9 7 2 7 6  
0 . 5 7 9 2 2 6 7  
0 . 5 7 7 7 8 6 3  
0 .  5 7 3  7  8 8 5  
0 . 5 6 9 7 5 6 2  
0 . 5 5 0 2 0 5 6  
0 . 5 3 9 8 9 5 5  
0 . 6 1 7 0 8 7 8  
0 . 6 1 1 5 9 0 6  
0 . 6 1 0 1 5 8 7  
0 . 6 1 1 1 2 5 5  
0 . 6 1 2 7 9 7 9  
0 . 6 1 9 1 7 8 5  
0 . 0 0 0 0 0 2 8
V
(LB M 0LE/SEC )/ 
(FRACTI0N VALVE 
0PENING) 
0 . 5 7 5 7 0 6 5  
0 . 5 7 9 7 5 9 0  
0 . 5 7 9 8 1 7 2  
0 . 5 7 9 8 8 1 6  
0 . 5 7 9 9 1 7 9  
0 . 5 7 9 9 9 7 0  
0 . 5 7 9 8 8 9 2  
0 . 5 7 9 7 2 7 9  
0 . 5 7 9 2 2 3 9  
0 . 5 7 7 7 8 6 7  
0 . 5 7 3 7 8 9 0  
0 . 5 6 9 7 5 7 7  
0 . 5 5 0 2 0 0 9  
0 . 5 3 9 8 9 0 8  
0 . 6 1 7 0 8 3 9  
0 . 6 1 1 5 8 7 8  
0 . 6 1 0 1 5 8 8  
0 . 6 1 1 1 2 5 9  
0 . 6 1 2 7 9 5 0  




1 5 5 . 2 2 0 9 5 9  
1 5 5 . 0 9 9 6 8 1  
1 5 9 . 9 5 8 0 3 8  
1 5 9 . 7 9 7 3 9 9  
1 5 9 . 5 8 5 3 1 2  
1 5 9 . 2 6 0 1 9 7  
1 5 3 . 7 0 2 0 9 2  
1 5 2 . 6 8 3 0 9 0  
1 5 0 . 8 6 6 2 9 1  
1 9 8 . 0 0 6 0 5 8  
1 9 9 . 6 9 1 1 9 7  
1 9 3 . 1 6 9 9 0 3  
1 9 6 . 0 6 1 1 1 1  
1 5 3 . 0 6 9 5 6 5  
1 5 8 . 0 8 1 8 9 8  
1 6 2 . 0 9 9 6 3 2  
1 6 9 . 9 6 6 6 7 5  
1 6 5 . 5 8 1 2 9 9  
1 6 5 . 9 0 2 7 1 0  
1 6 5 . 8 5 3 3 0 2
P
( P S I ) / (FRACTI0N 
VALVE 0PENING) 
5 6 . 2 5 1 7 0 9 0  
5 6 . 3 5 5 3 9 6 7  
5 6 . 9 5 8 9 8 0 8  
5 6 . 5 6 1 5 9 9 7  
5 6 . 6 6 9 6 5 7 6  
5 6 . 7 6 7 7 3 0 7  
5 6 . 8 7 0 7 5 8 1  
5 6 . 9 7 3 6 9 3 8  
5 7 . 0 7 6 9 6 1 8  
5 7 . 1 7 8 9 7 0 3  
5 7 . 2 8 0 8 5 3 3  
5 7 . 3 8 1 8 0 5 9  
5 7 . 9 8 1 8 8 7 8  
5 7 . 5 8 1 7 8 7 1  
5 7 . 7 0 1 0 3 9 5  
5 7 . 8 1 9 1 0 7 1  
5 7 . 9 3 7 9 9 2 5  
5 8 . 0 5 7 1 1 3 6  
5 8 . 1 7 6 2 3 9 0  
5 8 . 2 9 5 1 5 0 8
X (BENZENE) 
(M0LE FRACTI0N)/  
(FRACTION VALVE 
0PENING) 
0 . 0 0 0 2 0 5 6  
0 . 0 0 0 5 3 8 7  
0 . 0 0 1 2 9 3 1  
0 . 0 0 2 7 7 8 3  
0 . 0 0 6 0 7 8 7  
0 . 0 1 3 1 3 2 6  
0 . 0 2 7 7 9 7 5  
0 . 0 5 7 0 3 7 2  
0 . 1 1 0 3 8 1 2  
0 . 1 9 2 2 3 0 2  
0 . 2 8 1 1 0 0 0  
0 . 3 2 0 1 0 7 2  
0 . 2 6 8 0 5 3 5  
0 . 1 5 9 9 3 3 9  
0 . 0 8 9 7 2 9 3  
0 . 0 3 6 3 7 3 7  
0 . 0 1 0 5 7 3 0  
0 . 0 0 0 5 0 1 8  
- 0 . 0 0 1 3 7 8 9  
- 0 . 0 0 0 0 1 5 6
X (TOULENE) 
(M0LE FRACTI0N)/  
(FRACTION VALVE 
0PENING) 
- 0 . 0 0 0 2 0 5 6  
- 0 . 0 0 0 5 3 8 7  
- 0 . 0 0 1 2 9 3 1  
- 0 . 0 0  2 7 7 8 3  
- 0 . 0 0 6 0 7 8 7  
- 0 . 0 1 3 1 3 2 6  
- 0 . 0 2 7 7 9 7 5  
- 0 . 0 5 7 0 3 7 2  
- 0 . 1 1 0 3 8 1 2  
- 0 . 1 9 2 2 3 0 2  
- 0 . 2 8 1 1 0 0 0  
- 0 . 3 2 0 1 0 7 2  
- 0 . 2 6 8 0 5 3 5  
- 0 . 1 5 9 9 3 3 9  
- 0 . 0 8 9 7 2 9 3  
- 0 . 0 3 6 3 7 3 7  
- 0 . 0 1 0 5 7 3 0  
- 0 . 0 0 0 5 0 1 8  
0 . 0 0 1 3 7 8 9  
0 . 0 0 0 0 1 5 6
104
105
The i n c r e a s e  o f  t h e  s u p p l y  s t e a m  v a l v e  o p e n i n g  
c a u s e s  t h e  t e m p e r a t u r e ,  p r e s s u r e ,  l i q u i d  and  v a p o r  f lo w  
r a t e s  e v e r y w h e r e  i n  t h e  co lum n t o  go  u p ,  ( a s  shown by t h e  
p o s i t i v e  s i g n s  o f  t h e  s t e a d y  s t a t e  g a i n s  i n  t h e  t a b l e ) . 
T h e r e f o r e ,  s e p a r a t i o n  i m p r o v e s .
I a v e r s e R e s p o n s e  Of Th e  Ba l l a s t  T r a y  D i s t i l l a t i o n  Column
In  a b i n a r y  d i s t i l l a t i o n  c o l u m n ,  we know t h a t  an 
i n c r e a s e  i n  v a p o r  b o i l u p  must d r i v e  more low b o i l i n g  
m a t e r i a l  up t h e  co lu m n  a n d  t h e r e f o r e  d e c r e a s e  t h e  l i g h t  
c o m p o n e n t  i n  t h e  co lu m n  b o t t o m .
But a s  p o i n t e d  o u t  by Luyben ( 1 9 7 3 ) ,  t h e  t r a y  
h y d r a u l i c s  c a n  p r o d u c e  some u n e x p e c t e d  r e s u l t s .  When t h e  
v a p o r  r a t e  t h r o u g h  a  t r a y  i s  i n c r e a s e d ,  i t  t e n d s  t o  (1) 
b a c k  up more l i q u i d  i n  t h e  downcomer and  (2) r e d u c e  t h e  
l i q u i d  d e n s i t y  on t h e  a c t i v e  t r a y .  The f o r m e r  e f f e c t  
r e d u c e s  t h e  l i g u i d  r a t e s  t h r o u g h  t h e  co lum n w h i l e  t h e  
l i q u i d  h o l d u p  i n  t h e  downcomer  i s  b u i l d i n g  u p .  The l a t t e r  
e f f e c t  t e n d s  t o  i n c r e a s e  t h e  l i q u i d  r a t e s  s i n c e  t h e  l i q u i d  
h o l d u p  m ust  be d e p l e t e d .  S i e v e  and B a l l a s t  t r a y s  a r e  more 
a f f e c t e d  by f r o t h  d e n s i t y  c h a n g e s .  T h e r e f o r e ,  an i n c r e a s e  
i n  v a p o r  b o i l u p  p r o d u c e s  a t r a n s i e n t  i n c r e a s e  i n  l i q u i d  
r a t e s  down t h e  c o lu m n .  T h i s  i n c r e a s e  i n  l i q u i d  r a t e
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p r o d u c e  an  i n i t i a l  i n c r e a s e  i n  t h e  amount  o f  l i g h t  
c o m p o n e n t  i n  t h e  b o t t o m s .  E v e n t u a l l y ,  t h e  l i g u i d  r a t e s  
w i l l  r e t u r n  t o  n o r m a l  when t h e  l i q u i d  i n v e n t o r y  on t h e  
t r a y s  h a s  d r o p p e d  t o  a new s t e a d y  s t a t e  l e v e l .  Then t h e  
e f f e c t  o f  t h e  v a p o r  b o i l u p  d r i v e  t h e  c o m p o s i t i o n  o f  t h e  
l i g h t  co m p o n e n t  down. T h i s  phenomenon i s  c a l l e d  "INVERSE 
RESPONSE” .
I n v e r s e  r e s p o n s e  c a n  be  b e s t  c h a r a c t e r i z e d  by t h e  
p r o c e s s  i n  r e s p o n s e  t o  a m a n i p u l a t e d  v a r i a b l e  s t e p  c h a n g e ,  
a c o n t r o l l e d  v a r i a b l e  i n i t i a l l y  moves  t o  t h e  o p p o s i t e  o r  
wrong d i r e c t i o n  b e f o r e  f i n a l l y  moving i n  t h e  e x p e c t e d  
d i r e c t i o n .  M a t h e m a t i c a l l y ,  i n v e r s e  r e s p o n s e  c a n  be 
r e p r e s e n t e d  by a  s y s t e m  t h a t  h a s  a t r a n s f e r  f u n c t i o n  w i t h  
a t  l e a s t  a p o s i t i v e  z e r o ,  a z e r o  i n  t h e  r i g h t  h a l f  o f  t h e  s  
p l a n e .  But  t h e  p o s i t i v e  z e r o s  do n o t  make t h e  s y s t e m  open  
l o o p  u n s t a b l e  b e c a u s e  t h e  s t a b i l i t y  o f  t h e  s y s t e m  d e p e n d s  
o n l y  on t h e  p o l e s  o f  t h e  t r a n s f e r  f u n c t i o n .  I f  t h e  p r o c e s s  
t r a n s f e r  f u n c t i o n  c o n t a i n s  a n e g a t i v e  l e a d ,  t h e  s y s t e m  w i l l  
show i n v e r s e  r e s p o n s e .  The i n v e r s e  r e s p o n s e  i s  p a r t l y  due 
t o  t r a y  d e s i g n  o r  t y p e ,  and  p a r t l y  due  t o  t h e  f r o t h  e f f e c t  
o f  t h e  t r a y  h y d r a u l i c s .  A l s o  a s  p o i n t e d  by B u c k le y  ( 1 9 7 5 ) ,  
a l l  t h e  v a l v e  t r a y  c o lu m n s  e x h i b i t  i n v e r s e  r e s p o n s e  o v e r  
t h e  e n t i r e  r a n g e  o f  n o r m a l  o p e r a t i o n .
The B e n z e n e - T o l u e n e  p r e s s u r e  d i s t i l l a t i o n  column 
s u b j e c t  t o  s t e a m  v a l v e  o p e n i n g ,  CM, i s  u s e d  i n  t h i s
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r e s e a r c h  t o  show t h e  i n v e r s e  r e s p o n s e .  I n  t h i s  c o lu m n ,  t h e  
r e f l u x  drum l e v e l  c o n t r o l l e r  a d j u s t s  t h e  d i s t i l l a t e  f lo w  
r a t e  and  t h e  co lum n b a s e  l e v e l  c o n t r o l l e r  a d j u s t s  t h e  
r e s i d u e  f lo w  r a t e .  The r e f l u x  f lo w  r a t e  i s  one o f  t h e  
m a n i p u l a t e d  v a r i a b l e s  a n d  i s  t h e r e f o r e  b e i n g  t r e a t e d  a s  
c o n s t a n t .
A l l  t h e  t r a y  B en z en e  mole  f r a c t i o n  p r o c e s s  t r a n s f e r  
f u n c t i o n s  i n  t h e  e n t i r e  co lum n i n d i c a t e  i n v e r s e  r e s p o n s e ,  
i . e . ,  a p o s i t i v e  z e r o  i n  t h e  n u m e r a t o r  o f  t h e  p r o c e s s  
t r a n s f e r  f u n c t i o n .  FIG 19 and  FIG 20 a r e  t h e  p r o c e s s  
t r a n s f e r  f u n c t i o n s  o f  B en z en e  mole f r a c t i o n  o f  t h e  co lum n 
to p  t r a y  and  t h e  co lum n  b a s e  t r a y .  FIG 20 show s  a f i n a l  
a m p l i t u d e  r a t i o  SLOPE o f  - 8 0  DB w i t h  - 5 4 0  d e g r e e s  f i n a l  
p h a s e  l a g .  The s u g g e s t e d  p r o c e s s  t r a n s f e r  f u n c t i o n  i s  :
X (s) K*(1-T *s)
1 , 2 0  1
CM (s )  (1+T * s ) * ( 1 + T  * s )  * (1 +T *s) * (1 + T * s ) * ( H  T *s)
2 3 4 5 6
(6 . 1)
The f i r s t  n e g a t i v e  l e a d  -  l a g  p a i r ,  (1 -T  s ) / ( 1  + T s) ,
1 2
c a n c e l s  o u t  o n l y  e a c h  o t h e r * s  a m p l i t u d e  r a t i o  b u t  t h e
n e g a t i v e  l e a d  t e r m ,  (1-T s ) ,  c o n t r i b u t e s  - 9 0  d e g r e e s  t o  t h e
1
f i r s t  o r d e r  l a g ,  (1+T s ) , w h ich  makes  - 1 8 0  d e g r e e s  i n
2
t o t a l .  T o g e t h e r  w i t h  t h e  o t h e r  f o u r  f i r s t  o r d e r  l a g s ,  t h e  
f i n a l  p h a s e  a n g l e  l i n e d  o u t  a t  - 5 4 0  d e g r e e s .  From t h e  
























































BODE PLOT -  CM-X ( 1 , 2 )
O M E G R  ( R R D / S E C )
B - T  SYSTEM. 21  S .  L F .  F S NO 1 5 .  PRESSURE MODEL. L ( l )  
STEADY GRIN = - 0 . 2 9 5 7 6 E - 0 1  T . C .  LRG = 0 . 3 5 5 2 2 E + 0 U
O M E G R  ( R R D / S E C )
FIG 19. Bode P l o t  o f  C H - X ( 1 ,2 ) ,  P r e s s u r e  M o d e l ,  























































BODE PLOT -  CM-X ( 1 ,  20)
O M E G A  ( R A D / S E C )
B - T  SYSTEM. 21  S .  L F .  F S NO 1 5 .  PRESSURE MODEL. LC1)  
STEADY GRIN = - 0 . 3 9 2 2 8 E + 0 1  T . C .  LRG = 0 . 2 7 8 0 2 E + 0 i i
O M E G A  ( R A D / S E C )
FIG 2 0 .  Bode P l o t  o f  C H - X ( 1 ,2 0 ) ,  P r e s s u r e  H o d e l ,  






















































BODE PLOT -  CM-X ( 1 , 2 1 )
O M E G A  ( R A D / S E C )
B - T  SYSTEM. 2 1  S .  L F .  F S NO 1 5 .  PRESSURE MODEL. L t i l  
STERDY GRIN = - 0 . 2 0 9 7 1 E + 0 1  T . C .  LRG = 0 . 2 7 9 0 1 E + 0 4
O M E G A  ( R A D / S E C )
FIG 2 1 .  Bode P l o t  o f  C H - X ( 1 ,2 1 ) ,  P r e s s u r e  H odel  
B e n z e n e - T o u l e n e  Column
I l l
t r a y  w i l l  i n t r o d u c e  o n e  more l a g .
The B e n z e n e  mole  f r a c t i o n  p r o c e s s  t r a n s f e r  f u n c t i o n s  
o f  r e f l u x  drum and  r e b o i l e r  do n o t  show any  i n v e r s e  
r e s p o n s e  m a i n l y  b e c a u s e  t h e y  a r e  n o t  modeled  w i t h  t h e  f r o t h  
e f f e c t  i n  t h i s  r e s e a r c h .  The p r o c e s s  t r a n s f e r  f u n c t i o n  o f  
t h e  r e b o i l e r  i s  shown a s  FIG 2 1 .  E s e n t i a l l y ,  t h e  t r a n s f e r  
f u n c t i o n  c o n s i s t s  o f  f o u r  l a g s .
I f f e c t  Of The Mo d e l  S i m p l i f i c a t i o n
I n  p r e v i o u s  c h a p t e r s ,  a c o m p l e t e  p r e s s u r e  model  h a s  
a l r e a d y  b e e n  p r e s e n t e d  in  d e t a i l .  T h i s  p r e s s u r e  model  c a n  
be s i m p l i f i e d  t o  t h e  e n t h a l p y  model  i f  one  a s s u m e s  t h a t  
t h e r e  i s  n o  v a r i a t i o n  o f  t h e  p r e s s u r e  p r o f i l e ,  ( i . e . ,  
r e m o v e s  a l l  t h e  p r e s s u r e  r e l a t i o n s h i p s  f ro m  t h e  p r e s s u r e  
m o d e l ) .  The e n t h a l p y  m odel  c a n  be  f u r t h e r  s i m p l i f i e d  t o  
e q u i m o l a r  o v e r f l o w  model  by r e m o v in g  a l l  t h e  e n t h a l p y  
b a l a n c e s  an d  t h e  v a p o r  p h a s e  su m m a t io n  e g u a t i o n s .  I n  t h i s  
r e s e a r c h ,  we c o m p a re  t h e  d i f f e r e n t  p r o c e s s  t r a n s f e r  
f u n c t i o n s  g e n e r a t e d  by t h e s e  t h r e e  d i f f e r e n t  m o d e l s .  The 
c h a r a c t e r i s t i c s  f o r  t h e s e  m o d e l s  a r e  :
(1) E g u i m o l a r  o v e r f l o w  m o d e l .
The e g u a t i o n s  d e s c r i b i n g  t h i s  model  a r e  t o t a l  m a t e r i a l  
b a l a n c e ,  c o m p o n e n t  m a t e r i a l  b a l a n c e s ,  e q u i l i b r i u m  
r e l a t i o n s h i p s ,  t r a y  h y d r a u l i c s  and l i g u i d  p h a s e
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su m m at io n  e q u a t i o n  f o r  e a c h  t r a y .  At  s t e a d y  s t a t e ,  
v a p o r  f l o w  r a t e s  and  l i q u i d  f l o w  r a t e s  i n  e i t h e r  t h e  
r e c t i f y i n g  o r  s t r i p p i n g  s e c t i o n  a r e  c o n s t a n t .  I n  t h e  
d y n am ic  m o d e l ,  i f  t h e r e  i s  a v a p o r  f l o w  r a t e  
p e r t u b a t i o n ,  i t  i s  a s sum ed  t o  be  t r a n s f e r r e d  d i r e c t l y  
t o  t h e  t o p  o f  t h e  co lum n w i t h o u t  a n y  d e l a y .  A l th o u g h  
t h i s  model  i s  s i m p l e ,  i t  i s  a p p l i e d  s t r i c t l y  o n l y  t o  
t h e  s e p a r a t i o n  o f  s t r u c t u r a l l y  s i m i l a r  c o m p o n e n t s .  No 
v a r i a t i o n s  f o r  t h e  p r e s s u r e  p r o f i l e  o f  t h e  e n t i r e  
c o lu m n .  S i n c e  t h e  v a p o r  p h a s e  su m m a t io n  e q u a t i o n  o f  
e a c h  s t a g e  i s  n o t  u s e d  i n  t h i s  m o d e l ,  t h e  t e m p e r a t u r e  
p r o f i l e  i s  n o t  c a l c u l a t e d .
(2) E n t h a l p y  m o d e l .
The e q u a t i o n s  d e s c r i b i n g  t h i s  model  a r e  t o t a l  m a t e r i a l  
b a l a n c e ,  c o m p o n e n t  m a t e r i a l  b a l a n c e s ,  e q u i l i b r i u m  
r e l a t i o n s h i p s ,  s u m m a t io n  e q u a t i o n s ,  t r a y  h y d r a u l i c s  
a n d  e n t h a l p y  b a l a n c e  f o r  e a c h  t r a y .  S i n c e  t h e  
e n t h a l p y  b a l a n c e  e n a b l e s  t h e  c a l c u l a t i o n  o f  v a p o r  f lo w  
r a t e  an d  t h e  v a p o r  p h a s e  su m m a t io n  e q u a t i o n  e n a b l e s  
t h e  c a l c u l a t i o n  o f  b u b b l e  p o i n t  t e m p e r a t u r e ,  t h i s  
model  i s  more r i g o r o u s  t h a n  t h e  e q u i m o l a r  o v e r f l o w  
m o d e l .  The p r e s s u r e  p r o f i l e  i s  a s su m ed  t o  be  c o n s t a n t  
f o r  t h e  w h o le  c o lu m n ;  i n  o t h e r  w o r d s ,  a l l  t h e  v a p o r  
l e a v i n g  t h e  co lu m n  t o p  t r a y  i s  as sum ed  t o  be t o t a l l y  
c o n d e n s e d  a t  t h e  r e f l u x  drum b u b b l e  p o i n t  t e m p e r a t u r e
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i n  o r d e r  t o  m a i n t a i n  t h e  c o n s t a n t  co lum n  p r e s s u r e .
The c o n d e n s e r  a n d  t h e  r e b o i l e r  a r e  o n l y  m o d e le d  w i t h  
t o t a l  m a t e r i a l  b a l a n c e ,  co m p o n en t  m a t e r i a l  b a l a n c e s ,  
e g i l i b r i u m  r e l a t i o n s h i p s ,  su m m at io n  e q u a t i o n s  and  
e n t h a l p y  b a l a n c e  w i t h  t h e  h e a t  d u t y  a s  a w h o le .  The 
m e t a l  h e a t  t r a n s f e r  l a g s  i n  b o t h  t h e  r e b o i l e r  and  
c o n d e n s e r  a r e  n e g l e c t e d  i n  t h i s  m o d e l .
(3) P r e s s u r e  model
P r e s s u r e  v a r i a t i o n  t h r o u g h  e a c h  t r a y  i s  c o n s i d e r e d  i n  
a d d i t i o n  t o  t h e  e n t h a l p y  m o d e l .  A l s o ,  t h e  t r a y  
h y d r a u l i c s ,  t h e  r e b o i l e r  and  t h e  c o n d e n s e r  a r e  m odeled  
i n  d e t a i l .
B e n z e n e - T o l u e n e  Column P r o c e s s  T r a n s f e r  F u n c t i o n s  Of Feed  
B a t e D i s t u r b a n c e To L i q u i d  Flow P a t e . _________________________
I n  t h i s  B e n z e n e  -  T o u l e n e  s y s t e m ,  t h e  r e f l u x  drum 
l e v e l  c o n t r o l l e r  a d j u s t s  t h e  r e f l u x  f l o w  r a t e  a n d  t h e  
co lum n b a s e  l e v e l  c o n t r o l l e r  a d j u s t s  t h e  r e s i d u e  f lo w  r a t e .  
T h i s  s e t  o f  t h e  r e s u l t s  a r e  f rom FIG 22 t o  FIG 26 .
T h e s e  f i g u r e s  a r e  t h e  p r o c e s s  t r a n s f e r  f u n c t i o n s  Bode p l o t s  
b e t w e e n  t h e  d i s t u r b a n c e  f e e d  f lo w  r a t e ,  F L ( 1 0 ) ,  and  t h e  
m ea s u re d  l i q u i d  f l o w  r a t e  l e a v i n g  t h e  f e e d  t r a y ,  L { 1 0 ) ,  and  
t h e  t r a y s  b e lo w .

















































BODE PLOT -  FL (15)  - L  (15)
O M E G A  ( R A D / S E C )
B - T  SYSTEM.  2 1  S .  L F .  F S NO 1 5 .  EQUIMOLRR OVERFLON M. 
STEADY GAIN = 0 . 1 0 0 0 0 E + 0 1  T . C .  LAG = 0 . 3 U 8 9 6 E + 0 1
V
i d'r i ol®"i crTi o o o_t i o 10 10 1 o o o 'i o5
O M E G A  ( R A D / S E C )
PIQ 22. B o J e H r t  o f  PL( 1 5 1 - 1 ( 1 5 ) ,  E q u i . o l a r  O r e r f l o .  





















































BODE PLOT -  FL (15)  - L  (15)
0 M E G R  ( R R D / S E C )
B - T SYSTEM. 21 S .  L F .  F S NO 1 5 .  ENTHALPY MODEL. S . T .  
STEADY GAIN = 0 . 2 0 1 1 4 E + 0 1  T . C .  LAG = 0 . 5 3 3 9 2 E + 0 4
O M E G R  ( R R D / S E C )
F IG  2 3 .  Bode P l o t  o f  FL (15) -L  (15) ,  E n th a lp y  M o d e l ,
S im p le  T ray  H y d r a u l i c s ,  B e n z e n e - T o lu e n e  C oluan
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O M E G A  ( R A D / S E C )CE
oo B - T  SYSTEM. 21  S .  L F .  F S NO 1 5 .  ENTHALPY MODEL. S . T .
STEADY GAIN = 0 . 1 5 8 9 9 E + 0 1  T . C .  LAG = 0 . 3 6 2 2 5 E + 0 i io
O
o  I I IQ
L-l-fM
Q_
O M E G A  ( R A D / S E C )
F IG  24. Bode P l o t  o f  FL ( 1 5 ) - L  (16) ,  E n th a lp y  H o d e l ,






















































B O D E  P L O T  -  F L  ( 1 5 )  - L  ( 1 5 )
O M E G R  ( R R D / S E C )
B - T  SYSTEM. 21  S .  L F .  F S NO 1 5 .  PRESSURE MODEL. 
STERDY GRIN = 0 . 2 5 3 3 8 E + 0 1  T . C .  LAG = 0 . 61W03E+0I4
O M E G R  ( R R D / S E C )
FIG 2 5 .  Bode P l o t  o f  PL ( 1 5 ) -L  ( 1 5 ) ,  P r e s s u r e  H o d e l ,





















































BODE PLOT -  FL (15)  - L  (16)
O M E G A  ( R A D / S E C )
B - T  SYSTEM. 2 1  S .  L F .  F S NO 1 5 .  PRESSURE MODEL. 
STEADY GAIN = 0 . 2 1 0 7 3 E + 0 1  T . C .  LAG = 0 . 5 7 2 9 0 E + 0 1 1
O M E G A  ( R A D / S E C )
F IG  26. Bode P l o t  o f  FL (15) -L  ( 1 6 ) ,  P r e s s u r e  H o d e l ,
C o u p le r  T ra y  H y d r a u l i c s ,  B e n z e n e - T o lu e n e  C oluun
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v a p o r  f l o w  r a t e  i s  c o n s t a n t ,  e v e n  t h o u g h  t h e r e  i s  a 
p e r t u r b a t i o n  o f  t h e  r e b o i l e r  h e a t ,  t h e  v a p o r  f lo w  r a t e  i s  
a s su m e d  t o  be  t r a n s m i t t e d  d i r e c t l y  t o  t h e  co lu m n  t o p  
w i t h o u t  any  d e l a y .  T h e r e f o r e ,  i f  t h e r e  i s  a f e e d  l i q u i d  
f l o w  r a t e  p e r t u r b a t i o n ,  t h e  l i q u i d  f lo w  r a t e s  l e a v i n g  t h e  
t r a y s  b e lo w  t h e  f e e d  t r a y  b e h a v e  e x a c t l y  l i k e  t h e  l i q u i d  
f l o w  l e a v i n g  a s e r i e s  o f  t a n k s .
The f e e d  t r a y  l i q u i d  f l o w  r a t e  p r o c e s s  t r a n s f e r  
f u n c t i o n ,  FIG 2 2 ,  show s  t h e  f i r s t  o r d e r  l a g ,  i . e . ,  - 2 0  DB 
s l o p e  o f  t h e  l o g  m odu lus  and - 9 0  d e g r e e  maximum p h a s e  l a g .  
The t r a n s f e r  f u n c t i o n  o f  t h e  l i q u i d  f l o w  l e a v i n g  t h e  t r a y  
b e lo w  t h e  f e e d  t r a y  shows t h e  s e c o n d  o r d e r  l a g ,  i . e . ,  - 4 0  
DD s l o p e  o f  t h e  l o g  m o d u lu s  an d  - 1 8 0  d e g r e e  maximum p h a s e  
l a g  and s o  f o r t h .  The t r a y  h y d r a u l i c s  e q u a t i o n  u s e d  h e r e  
i s  t h e  t r a y  h y d r a u l i c s  e q u a t i o n  u s e d  by B u c k le y  ( 1 9 7 5 ) .
T h i s  t r a y  h y d r a u l i c  e q u a t i o n  i n d i c a t e s  t h e  l i q u i d  f l o w  r a t e  
l e a v i n g  e a c h  t r a y  c a n  be i n  t e r m s  o f  t h e  v a p o r  f lo w  r a t e  
p a s s i n g  t h r o u g h  t h e  t r a y  an d  t h e  l i q u i d  f l o w  r a t e  l e a v i n g  
t h e  a b o v e  t r a y .  F o r  e g u i m o l a r  o v e r f l o w  m o d e l ,  t h e  t r a y  
h y d r a u l i c s  i s  a s su m e d  t o  be o n l y  i n  t e r m s  o f  t h e  l i q u i d  
f lo w  e f f e c t .
FIG 23 an d  FIG 24 a r e  t h e  p r o c e s s  t r a n s f e r  f u n c t i o n s  
Bode p l o t s  f o r  t h e  e n t h a l p y  m odel  w i t h  s i m p l i f i e d  t r a y  
h y d r a u l i c s .  The t r a y  h y d r a u l i c s  e q u a t i o n  u s e d  h e r e  i s  
B u c k l e y ' s  (1975) t r a y  h y d r a u l i c  e q u a t i o n  w h ic h  i s  i n  t e r m s
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of b o t h  t h e  v a p o r  an d  t h e  l i q u i d  e f f e c t .
I n  FIG 23 a n d  FIG 2 4 ,  a l t h o u g h  t h e  f i n a l  l o g  m odu lus  
s l o p e  i s  - 2 0  , - 4 0  DB r e s p e c t i v e l y ,  a t  low f r e q u e n c y ,  t h e r e  
i s  a  l e a d - l a g  p a i r  w i t h  a l m o s t  t h e  same b r e a k  p o i n t  
f r e q u e n c y .  S i m i l a r  Bode p l o t s  h a v e  been  o b s e r v e d  f o r  t h e  
f e e d  d i s t u r b a n c e  o f  t h e  P r o p a n e  -  B u ta n e  -  P e n t a n e  s y s t e m .  
T h i s  c an  be t r a c e d  t o  t h e  e n t h a l p y  b a l a n c e  s i n c e  i t  i s  n o t  
p r e s e n t  i n  t h e  e g u i m o l a r  o v e r f l o w  m o d e l .
FIG 25 an d  FIG 26 a r e  t h e  p r o c e s s  t r a n s f e r  f u n c t i o n s  
Bode p l o t s  f o r  t h e  p r e s s u r e  m ode l .  at i n t e r m e d i a t e  
f r e q u e n c y ,  t h e  l o g  m o d u lu s  s l o p e  i s  - 2 0  DB i n  FIG 25 and  
- 4 0  DB i n  FIG 26. At h i g h e r  f r e q u e n c y ,  t h e  a m p l i t u d e  r a t i o  
f i n a l  s l o p e  o f  b o t h  f i g u r e s  a r e  - 2 0  DB b u t  t h e  p h a s e  a n g l e s  
l i n e  o u t  a t  - 2 7 0  and  - 4 5 0  d e g r e e  i n d i v i d u a l l y .  In  o t h e r  
w o r d s ,  t h e  p r e s s u r e  m odel  i n t r o d u c e s  an  a d d i t i o n a l  n e g a t i v e  
l e a d  -  l a g  p a i r  p e r  t r a y .  The p r o p o s e d  m o d e l s  f o r  t h e s e  
two t r a n s f e r  f u n c t i o n s  a r e  :
L (s)  K*{1 + T * s ) * ( 1  -  T *s )
10 1 3
FL (s)  (1 ♦ T *s)  * (1 + T * s ) * ( 1  + T *s)
10 2 4 5
(6 . 2 )
L ( S )  K* (1 + T *s )  * (1 -  T * S ) * ( 1  -  T * S )
11 1 3 5
FL ( S )  (1 + T * s ) * { 1  + T * s ) * < 1  + T * S ) * ( 1  + T *s)
10 2 4 6 7
( 6 .3 )
F o r  e q u a t i o n  ( 6 . 2 ) ,  t h e  f i r s t  l e a d  -  l a g  p a i r ,
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(1 + T s ) / ( 1 + T  s )  ,  c a n c e l s  o u t  e a c h  o t h e r ’ s  a n p l i t u d e  r a t i o  
1 2
and p h a s e  a n g l e .  The s e c o n d  n e g a t i v e  l e a d  -  l a g  p a i r ,
(1 -T  s ) / ( 1 * T  s)  ,  c a n c e l s  o u t  e a c h  o t h e r ’ s  a m p l i t u d e  
3 U
r a t i o  b u t  t h e  n e g a t i v e  l e a d  t e r m ,  (1 -T  s ) , c o n t r i b u t e s  - 9 0
3
d e g r e e s  t o  t h e  f i r s t  o r d e r  l a g ,  (1 + T s ) ,  w h ic h  makes - 1 8 0
d e g r e e s  i n  t o t a l .  T o g e t h e r  w i th  t h e  f i r s t  o r d e r  l a g ,
(1+T s ) ,  t h e  f i n a l  p h a s e  a n g l e  l i n e d  o u t  a t  - 2 7 0  d e g r e e s .
5
F o r  e q u a t i o n  ( 6 . 3 ) ,  t h e r e  i s  one more n e g a t i v e  l e a d  -  l a g  
p a i r ;  t h e r e f o r e ,  t h e  p h a s e  a n g l e  l e v e l s  o u t  a t  - 9 5 0  d e g r e e s .
P h y s i c a l l y ,  i n  t h i s  p a r t i c u l a r  s y s t e m ,  s i n c e  t h e  
l i q u i d  f e e d  t e m p e r a t u r e  i s  l o w e r  t h a n  t h e  f e e d  t r a y  b u b b l e  
p o i n t  t e m p e r a t u r e ,  t h i s  r e d u c e s  t h e  v a p o r  f l o w  r a t e ,  
t e m p e r a t u r e  and  p r e s s u r e  on t h e  f e e d  t r a y .  L e s s  v a p o r  
b e i n g  g e n e r a t e d  c a u s e s  t h e  f r o t h  on a l l  t h e  t r a y s  t o  
s h r i n k .  I n  o t h e r  w o rd s ,  t h e  l i q u i d  l e v e l  h e i g h t  o v e r  t h e  
w e i r  i s  r e d u c e d ,  c o r r e s p o n d i n g l y ,  l e s s  l i g u i d  f l o w  l e a v e s  
t h e  t r a y .  However ,  more  l i q u i d  f e e d  com ing  i n t o  t h e  
d i s t i l l a t i o n  co lum n  w i l l  end up t h i s  phenom enon .  By 
o b s e r v i n g  t h e  p r e s s u r e  model  t r a n s f e r  f u n c t i o n  Bode p l o t s  
FIG 25 and  FIG 26 a g a i n ,  one  c a n  f i n d  t h a t  t h e  i n v e r s e  
r e s p o n s e  h a p p e n s  a t  r a t h e r  h i g h  f r e q u e n c y .  T h i s  h i g h  
f r e q u e n c y  i n v e r s e  r e s p o n s e  c a n  u s u a l l y  be  n e g l e c t e d .
I f  t h e  s i m p l e  t r a y  h y d r a u l i c s  e q u a t i o n  i n  t h e  e n t h a l p y  
m ode l  i s  s w i t c h e d  t o  t h e  o n e  d e r i v e d  i n  c h a p t e r  f o u r  w i t h  
t h e  p r e s s u r e  t e r m  b e i n g  n e g l e c t e d ,  t h e  l i g u i d  f lo w  p r o c e s s
t r a n s f e r  f u n c t i o n  w i l l  a l s o  i n d i c a t e  i n v e r s e  r e s p o n s e .
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B e n z e n e - T o l u e n e  Tow er  P r e s s u r e  P r o c e s s  T r a n s f e r  F u n c t i o n s  By 
Hani p u l a t e d  V a r i a b l e  D i s t i l l a t e  P r o d u c t  F low R a t e _____________
The r e f l u x  drum l e v e l  c o n t r o l l e r  o f  t h i s  B en z en e  -  
T o l u e n e  t o w e r  i s  a s su m e d  t o  a d j u s t  t h e  r e f l u x  f l o w  r a t e  and 
t h e  co lum n  b a s e  l e v e l  c o n t r o l l e r  t o  a d j u s t  t h e  r e s i d u e  f low 
r a t e .
FIG 27 i s  a co lu m n  t o p  t r a y  p r e s s u r e ,  P ( 2 ) ,  p r o c e s s  
t r a n s f e r  f u n c t i o n  Bode p l o t  f o r  m a n i p u l a t e d  d i s t i l l a t e  
p r o d u c t  r a t e ,  S S L ( 1 ) ,  o f  t h e  B en zen e  -  T o u l e n e  s y s t e m .
T h i s  co lum n t o p  t r a y  p r e s s u r e  p r o c e s s  t r a n s f e r  f u n c t i o n  
show s  a f i n a l  a m p l i t u d e  r a t i o  s l o p e  o f  - 4 0  DB w i t h  -5 4 0  
d e g r e e  p h a s e  l a g .  The s u g g e s t e d  p r o c e s s  t r a n s f e r  f u n c t i o n  
i s  :
P (s) K *{1 -  T * s ) * ( 1  -  T *s)
2 1 3
SSL (s)  (1 + T * s ) * ( 1  ♦ T * s ) * ( 1  + T * s ) * ( 1  + T *s)
1 2 4 5 6
( 6 .4 )
From t o p  t r a y  down t o  t h e  co lu m n  b a s e ,  f o r  e a c h  a d d i t i o n a l  
t r a y ,  t h e  p r e s s u r e  p r o c e s s  t r a n s f e r  f u n c t i o n  w i l l  h a v e  o n e  
more n e g a t i v e  l e a d  -  l a g  p a i r  w h ic h  makes  no c h a n g e s  o f  t h e  
f i n a l  t r a n s f e r  f u n c t i o n  a m p l i t u d e  r a t i o  s l o p e  b u t  a d d s  - 1 8 0  
d e g r e e  f o r  t h e  p h a s e  a n g l e .
P h y s i c a l l y ,  t h e  i n c r e a s e  o f  t h e  d i s t i l l a t e  f lo w  r a t e  

























































BODE PLOT -  SSL (1) - P  (2)
s
O M E G R  ( R R D / S E C )
B - T  SYSTEM.  2 1  S .  L F .  F S NO 1 5 .  PRESSURE MODEL. 
STEADY GRIN = - 0 .  1 U 1 3 3 E + 0 3  T . C .  LAG = 0 . 7929UE+011
O M E G R  ( R R D / S E C )
FIG 2 7 .  B ode P l o t  o f  S S L ( 1 ) - P ( 2 ) ,  P r e s s u r e  M o d e l,
B e n z e n e - T o lu e n e  C o lu a n
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r e f l a x  i n t o  t h e  d i s t i l l a t i o n  c o l u m n .  S i n c e  t h e  r e f l u x  drum 
t e m p e r a t u r e  i s  l o v e r  t h a n  t h e  co lum n t o p  t r a y  t e m p e r a t u r e ,  
t h e  l e s s  r e f l u x  g e t s  i n t o  t h e  co lum n t o p  t r a y  means l e s s  
c o o l  r e f l u x  t o  mix v i t h  t h e  l i g u i d  h o l d u p  on  t h e  co lum n  t o p  
t r a y .  I n  o t h e r  w o r d s ,  t h e  p r e s s u r e  and  t e m p e r a t u r e  o f  t h e  
c o lu m n  t o p  t r a y  w i l l  r i s e .  But  s i n c e  more  l i g h t  c o m p o n e n t .  
B e n z e n e ,  h a s  b e e n  p u l l e d  o u t  t h r o u g h  t h e  d i s t i l l a t e ,  as  
t i m e  g o e s  b y ,  t h e  T o l u e n e  c o n c e n t r a t i o n  i n  t h e  whole  co lumn 
r i s e s  a n d  t h i s  b r i n g s  up t h e  b u b b l e  p o i n t  t e m p e r a t u r e  
e v e r y w h e r e .  Hhen t h i s  e f f e c t  r e a c h e s  t h e  co lum n  b a s e ,  t h e  
r e b o i l e r  h e a t  d u t y  w i l l  b e  e v e n t u a l l y  r e d u c e d ,  l e s s  v a p o r  
f l o w  r a t e  w i l l  be g e n e r a t e d  and  t h e  co lum n p r e s s u r e  w i l l  
f i n a l l y  be r e d u c e d .
The  i n v e r s e  r e s p o n s e  shown by t h i s  c a s e  i s  n o t  due  t o  
t h e  t r a y  f r o t h  e f f e c t ,  b u t  i n s t e a d ,  from t h e  h e a t  and 
m a t e r i a l  b a l a n c e .
B e n z e n e - T o l u e n e  Tower  P r e s s u r e  and B en z en e  Mole F r a c t i o n  
P r o c e s s  T r a n s f e r  F u n c t i o n s  By M a n i p u l a t e d  v a r i a b l e  R e f l u x  
F l o w R a t e _____________________ _______________________________________
I f  t h e  B en z en e  -  T o l u e n e  d i s t i l l a t i o n  c o lum n  r e f l u x  
drum l e v e l  c o n t r o l l e r  a d j u s t s  t h e  d i s t i l l a t e  f l o w  r a t e ,  
t h e n  t h e  r e f l u x  r a t e  b ec o m e s  a m a n i p u l a t e d  v a r i a b l e .























































BODE PLOT -  L (1)  —X ( 1 ,  1)
O M E G A  ( R A D / S E C )
B - T  SYSTEM.  21 S .  L F .  F S NO 1 5 .  PRESSURE MODEL. L (1) 
STEADY GRIN = 0 . 2 1 0 2 3 E - 0 1  T . C .  LAG = 0 . 3 8 6 5 7 E + 0 I 1
O M E G A  ( R A D / S E C )
FIG 28 . Bode P l o t  o f  L ( 1 ) -X ( 1 ,  1) ,  P r e s s u r e  H o d e l ,




















































BODE PLOT -  L (1) - X  ( 1 , 2 )
O M E G A  ( R A D / S E C )
B - T  SYSTEM. 21  S .  L F .  F S NO 1 5 .  PRESSURE MODEL. L (1) 
STEADY GRIN = 0 . 5 1 7 2 7 E - 0 1  T . C .  LRG = 0 .3 3 9 0 7 E+ Q1 1
\
10 -6 O' O' 0 ! ' " l  o 5
O M E G A  ( R A D / S E C )
FIG 29. Bode P l o t  o f  L ( 1 ) - X ( 1 # 2 ) # P r e s s u r e  H o d e l ,
























































BODE PLOT -  L (1) - X  ( 1 . 2 1 )
O M E G A  ( R A D / S E C )
B - T  SYSTEM.  2 1  S .  L F .  F S NO 1 5 .  PRESSURE MODEL. L I .  
STERDY GRIN = 0 . 3 6 4 2 6 E + 0 1  T . C .  LRG = 0 . 2 5 7 2 5 E + 0 U
O M E G R  ( R R D / S E C )
FIG 3 0 .  Bode P l o t  o f  L ( 1 ) -X  ( 1 . 2 1 ) ,  P r e s s u r e  H o d e l ,
B e n z e n e - T o lu e n e  C olu an -
128
f r a c t i o n  t r a n s f e r  f u n c t i o n  Bode p l o t s  o f  t h e  d i s t i l l a t e ,  
c o l u a n  t o p  t r a y  and r e s i d u e .  FIG 2 8 ,  t h e  d i s t i l l a t e  
B e n z e n e  n o l e  f r a c t i o n  Bode p l o t  i n d i c a t e s  t v o  l a g s  and  
FIG 2 9 ,  t h e  c o l u a n  t o p  t r a y  Benzene  a o l e  f r a c t i o n  Bode p l o t  
i n d i c a t e s  o n l y  o n e  l a g .  G e n e r a l l y  s p e a k i n g ,  f rom  t h e  
co lum n t o p  t r a y  t o  t h e  c o l u a n  b a s e ,  t h e r e  i s  a t  l e a s t  one  
n e g a t i v e  l e a d  -  Lag p a i r  p e r  t r a y  b e i n g  i n t r o d u c e d  i n t o  t h e  
p r o c e s s  t r a n s f e r  f u n c t i o n .
FIG 31 and  FIG 32 a r e  t h e  co lum n t o p  t r a y  and t h e  
s e c o n d  t r a y  p r e s s u r e  t r a n s f e r  f u n c t i o n  Bode p l o t .  From t h e  
s e c o n d  t r a y  b e l o v  t o  t h e  co lumn b a s e ,  e a c h  t r a y  i n t r o d u c e s  
one more n e g a t i v e  l e a d  -  l a g  p a i r  t o  t h e  p r o c e s s  t r a n s f e r  
f u n c t i o n .
P h y s i c a l l y ,  s i n c e  t h e  r e f l u x  drum t e m p e r a t u r e  i s  l o v e r  
t h a n  t h e  c o l u a n  t o p  t r a y  t e m p e r a t u r e .  The i m m e d i a t e  
i n c r e a s e  i n  t h e  f l o w  o f  t h e  c o o l e r  r e f l u x  c a u s e s  t h e  
r e d u c t i o n  o f  t h e  c o lu m n  t o p  t r a y  t e m p e r a t u r e .
C o n s e q u e n t l y ,  l e s s  v a p o r  w i l l  be  g e n e r a t e d  f ro m  t h e  column 
t o p  t r a y  an d  t h e  p r e s s u r e  g o e s  down.  B u t  more r e f l u x  g o in g  
i n t o  t h e  co lum n  c a u s e s  t h e  r e f l u x  drum l e v e l  c o n t r o l l e r  t o  
c u t  b a c k  t h e  d i s t i l l a t e  f lo w  r a t e .  I n  o t h e r  w o rd s ,  l e s s  
l i g h t  c o m p o n e n t .  B e n z e n e ,  w i l l  b e  p u l l e d  o u t  f ro m  t h e  
d i s t i l l a t i o n  c o lu m n .  T h i s  makes  t h e  B en zen e  c o n c e n t r a t i o n  
t o  s l o w l y  r i s e  e v e r y w h e r e  i n  t h e  co lu m n  and  c o r r e s p o n d i n g l y  























































BODE PLOT -  L (1) - P  (2)
O M E G A  ( R A D / S E C )
B - T  SYSTEM.  2 1  S .  L F .  F S  NO 1 5 .  PRESSURE MODEL. L t l )  
STEADY GAIN = 0 . 5 7 6 9 9 E + 0 2  T . C .  LAG = 0 . 2 7 1 9 8 E + 0 I 1
O M E G A  ( R A D / S E C )
FIG 31. Bode P l o t  o f  L ( 1 ) - P ( 2 ) f P r e s s u r e  H o d e l ,























































B O D E  P L O T  -  L ( 1 )  - P  ( 3 )
O M E G A  ( R A D / S E C )
B - T  SYSTEM.  21  S .  L F .  F S NO 1 5 .  PRESSURE MODEL. L l l )  
STEADY GRIN = 0 . 5 B 0 2 7 E + 0 2  T . C .  LOG = 0 . 2 7 2 0 6 E + 0 U
. O M E G A  ( R A D / S E C )
FIG 3 2 .  Bode P l o t  o f  L ( 1 ) - P ( 3 ) ,  P r e s s u r e  H o d e l ,
B e n z e n e - T o lu e n e  Column
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t h i s  e f f e c t  r e a c h e s  t h e  co lum n b a s e ,  m ore  h e a t  v i l l  be  
b r o u g h t  i n t o  t h e  c o l u a n ,  e v e n t u a l l y  i n c r e a s i n g  t h e  co lum n 
p r e s s u r e .
P r o p a n e - B u t a n e - P e n t a n e  Tower P r e s s u r e  P r o c e s s  T r a n s f e r  
F u n c t i o n s  by  M a n i p u l a t e d  V a r i a b l e  c o o l i n g  w a t e r  f lo w  r a t e .
The r e f l u x  drum l e v e l  c o n t r o l l e r  o f  t h i s  P r o p a n e  -  
B u t a n e  -  P e n t a n e  t o w e r  i s  assum ed  t o  a d j u s t  t h e  d i s t i l l a t e  
f l o w  r a t e  an d  t h e  co lum n b a s e  l e v e l  c o n t r o l l e r  t o  a d j u s t  
t h e  r e s i d u e  f lo w  r a t e .
FIG 33 i s  a  co lu m n  t o p  t r a y  p r e s s u r e ,  P (2)  ,  p r o c e s s  
t r a n s f e r  f u n c t i o n  Bode p l o t  f o r  t h e  m a n i p u l a t e d  v a r i a b l e ,  
c o o l i n g  w a t e r  f l o w  r a t e ,  FW, o f  t h e  P r o p a n e  -  B u t a n e  -  
P e n t a n e  s y s t e m .  T h i s  co lumn t o p  t r a y  p r e s s u r e  p r o c e s s  
t r a n s f e r  f u n c t i o n  i n d i c a t e s  a  f i n a l  a m p l i t u d e  r a t i o  o f  - 6 0  
DB w i t h  - 2 7 0  d e g r e e  f i n a l  p h a s e  l a g .  From t o p  t r a y  down t o  
t h e  column b a s e ,  e a c h  a d d i t i o n a l  t r a y  i n t r o d u c e s  one  more 
n e g a t i v e  l e a d  -  l a g  p a i r  i n t o  t h e  p r o c e s s  t r a n s f e r  f u n c t i o n  
w h ic h  makes no c h a n g e s  o f  t h e  t r a n s f e r  f u n c t i o n  a m p l i t u d e  
r a t i o  s l o p e  b u t  a d d s  - 1 8 0  d e g r e e  f o r  t h e  p h a s e  a n g l e .
P h y s i c a l l y  s p e a k i n g ,  t h e  i n c r e a s e  o f  t h e  c o o l a n t  f lo w  
r a t e  r e d u c e s  t h e  r e f l u x  drum t e m p e r a t u r e .  The same am o u n t  
o f  t h e  r e f l u x  w i t h  l o w e r  t e m p e r a t u r e  g e t s  i n t o  t h e  co lu m n  























































B O D E  P L O T  -  F W - P  ( 2 )
O M E G R  ( R R D / S E C )
PBP SYSTEM.  11 T .  L F .  F T NO 5 .  PRESSURE MODEL. 
STEADY GAIN = - 0 . 1 3 9 7 9 E + 0 2  T . C .  LEAD= 0 . 2 7 8 4 6 E + 0 3
O M E G R  ( R R D / S E C )
PIG 3 3 . Bode P l o t  o f  F l f - P ( 2 ) ,  P r e s s u r e  M od el.
P r o p a n e - B u t a n e - P e n t a n e  C o lu a n
t e m p e r a t u r e .  S i n c e  t h e  v a p o r  r a t e  l e a v i n g  t h e  co lum n t o p  
t r a y  i s  r e d u c e d ,  more l i g h t  c o m p o n e n t  g e t s  i n t o  t h e  t r a y s  
b e l o v  w hich  d e c r e a s e s  t h e  b u b b l e  p o i n t  t e m p e r a t u r e .  More 
v a p o r s  a r e  g e n e r a t e d  f o r  a  s h o r t  p e r i o d  by t h e  e n e r g y  
d e p l e t i o n  on t h e  t r a y s  a n d  t h e  v a p o r  p r e s s u r e  r i s e s .  
A l t h o u g h  t h e  co lum n t e m p e r a t u r e  t e n d s  t o  d e c r e a s e  an d  more 
h e a t  i s  t r a n s f e r r e d  a t  t h e  r e b o i l e r ,  e v e n t u a l l y  t h e  
p r e s s u r e  w i l l  d r o p  b e c a u s e  t h e  v a p o r  g e n e r a t e d  b y  t h i s  
e f f e c t  i s  n o t  h i g h  e n o u g h  t o  r a i s e  t h e  co lum n p r e s s u r e .
F r e q u e nc y  Re s p o n s e  I n t e r a c t i on Me a s u r e
I n  d e s i g n i n g  a m u l t i l o o p  c o n t r o l  s y s t e m ,  a key d e s i g n  
d e c i s i o n  i s  t o  d e t e r m i n e  t h e  p r o p e r  p a i r i n g s  o f  c o n t r o l l e d  
and  m a n i p u l a t e d  v a r i a b l e s .  I f  an i n c o r r e c t  p a i r i n g  i s  
u s e d ,  t h e  r e s u l t i n g  c o n t r o l  s y s t e m  may p e r f o r m  p o o r l y  o r  
e v e n  be i n o p e r a b l e .  N o r m a l l y ,  t h e  R e l a t i v e  G a in  A r r a y  
m ethod  p r o p o s e d  by B r i s t o l  i s  u s e d  t o  d e t e r m i n e  t h e  
m u l t i l o o p  c o n t r o l  p a i r i n g s  b a s e d  on t h e  s t e a d y  s t a t e  g a i n s .  
I n  t h i s  r e s e a r c h ,  t h e  B enz ene  -  T o u l e n e  d i s t i l l a t i o n  co lumn 
i s  u s e d  a s  an e x a m p l e  t o  show t h e  d y n a m ic  e f f e c t s  o f  t h e  
i n t e r a c t i o n  m e a s u r e s  b a s e d  o n  t h e  p r o c e s s  t r a n s f e r  
f u n c t i o n s  b e t w e e n  t h e  c h o s e n  m a n i p u l a t e d  a n d  c o n t r o l l e d  
v a r i a b l e s  a s  a f u n c t i o n  o f  f r e q u e n c y .
The r e f l u x  drum l e v e l  c o n t r o l l e r  o f  t h i s  B e n z en e  -
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T o l u e n e  c o l u a n  a d j u s t s  t h e  r e f l u x  a n d  t h e  co lu m n  b a s e  l e v e l  
c o n t r o l l e r  a d j u s t s  t h e  r e s i d u e  f lo w  r a t e .  T h e s e  two l e v e l  
c o n t r o l  s y s t e m s  a r e  i n c l u d e d  a s  p a r t  o f  t h e  d i s t i l l a t i o n  
p r o c e s s .  T h e r e  a r e  t h r e e  open  l o o p s  i n  t h i s  p a r t i c u l a r l y  
c h o s e n  d i s t i l l a t i o n  c o lu m n ,  t h e  s t e a m  c o n t r o l  v a l v e ,  t h e  
d i s t i l l a t e  f lo w  r a t e  c o n t r o l  v a l v e  an d  t h e  c o n d e n s e r  
c o o l i n g  w a t e r  f l o w  r a t e  c o n t r o l  v a l v e .  T h i s  means one  c a n  
p i c k  up t o  t h r e e  c o n t r o l l e d  v a r i a b l e s  t o  p a i r  t h e s e  w i t h .  
S i n c e  t h e  d i s t i l l a t i o n  co lu m n  i s  u s e d  t o  s e p a r a t e  
c o m p o n e n t s  o f  d i f f e r e n t  v o l a t i l i t y ,  t h e  d e s i r e d  d i s t i l l a t e  
o r  r e s i d u e  c o m p o n e n t  c o m p o s i t i o n  a r e  c e r t a i n l y  t h e  
c o n t r o l l e d  v a r i a b l e s .  B e s i d e s  t h e s e ,  t h e  co lu m n  t o p  
p r e s s u r e  h a s  b e e n  c h o s e n  t o  be t h e  t h i r d  c o n t r o l l e d  
v a r i a b l e  b e c a u s e  t h e  co lu m n  p r e s s u r e  d e t e r m i n e s  t h e  e n e r g y  
c o n s u m p t i o n .
FIG 27 ,  FIG 3h and  FIG 35 a r e  t h e  p r o c e s s  t r a n s f e r  
f u n c t i o n  Bode p l o t s  o f  m a n i p u l a t e d  d i s t i l l a t e  f lo w  r a t e ,
SSL (1) ,  w i t h  e i t h e r  t h e  co lum n t o p  t r a y  p r e s s u r e  P ( 2 ) ,  o r  
d i s t i l l a t e  B e n z e n e  c o n c e n t r a t i o n  X ( 1 , 1 ) ,  o r  r e s i d u e  T o l u e n e  
c o n c e n t r a t i o n  X ( 2 , 2 1 ) .  FIG 36 t o  FIG 38 a r e  t h e  p r o c e s s  
t r a n s f e r  f u n c t i o n  Bode p l o t s  o f  m a n i p u l a t e d  v a r i a b l e  
c o o l i n g  w a t e r  f l o w  r a t e ,  FH, w i t h  P ( 2 ) ,  X ( 1 , 1 ) ,  X ( 2 , 2 1 ) .
FIG 39 t o  FIG 91 a r e  t h e  p r o c e s s  t r a n s f e r  f u n c t i o n  Bode 
p l o t s  o f  m a n i p u l a t e d  v a r i a b l e  s t e a m  v a l v e  o p e n i n g ,  Cfl, w i t h  























































BODE PLOT -  SSL (1) - X  (1 , 1)
G M E G R  ( R R D / S E C )
B - T  SYSTEM.  2 1  S .  L F .  F S NO 1 5 .  PRESSURE MODEL. 
STEADT GAIN = - 0 . 5 1 3 0 U E - 0 1  T . C .  LAG = 0 . 8 5 2 5 7 E + 0 4
O M E G R  ( R R D / S E C )
FIG 3 4 .  Bode P l o t  o f  S S L ( 1 ) - x  ( 1 ,1 )  ,  P r e s s u r e  H o d e l ,























































B O D E  P L O T  -  S S L  ( 1 )  - X  ( 2 . 2 1 )
1 0  1  0  I  0  ' 1 0  1 0  1 0  1 0  ' 1 0  1 0  ' 1 C 10 i o  i o
G M E G R  ( R R D / S E C )
B- T SYSTEM. 21 S .  L F .  F S NO 1 5 .  PRESSURE MODEL. 
STEADY GAIN = 0 . 8 B 9 0 7 E + 0 1  T . C .  LAG = 0 . 7 8 I 1 2 7 E + 0 4
O H E G R  ( R R D / S E C )
FIG 35. Bode P l o t  o f  SSL ( 1 ) - X ( 2 .2 1 )  .  P r e s s u r e  H o d e l .






















































BODE PLOT -  F N - P  (2)
O M E G A  ( R A D / S E C ]
B - T  SYSTEM. 21  S .  L F .  F S NO 1 5 .  PRESSURE MODEL. 
STEADY GRIN = - 0 . 7 1 3 8 7 E + 0 1  T . C .  LRG = 0 . 1 9 U 6 9 E + 0 3
O M E G A  ( R A D / S E C )
FIG 3 6 .  Bode P l o t  o f  F W -P (2 ) ,  P r e s s u r e  H o d e l ,























































BODE PLOT -  FW-X ( 1 ,  1)
O M E G A  ( R A D / S E C )
B - T  SYSTEM. 21  S .  L F .  F S NO 1 5 .  PRESSURE MODEL. 
STEADY GRIN = 0 . 1 2 7 4 4 E - 0 3  T . C .  LRG = 0 . 2 7 7 6 3 E + 0 4
O M E G A  ( R A D / S E C )
FIO 37. Bode P l o t  o f  F V ~ X ( 1 ,1 ) ,  P r e s s u r e  H o d e l ,






















































BODE PLOT -  FW-X ( 2 , 2 1 )
1 g ^ ' l j  g - 5 " ^  g ^ " ^  g ^ " ^  g - T ^  y o  It  Q l  I j  j j 3 .... 'Q h ^  Q 5
O M E G A  ( R A D / S E C )
B - T  SYSTEM.  21  S .  L F .  F S NO 1 5 .  PRESSURE MODEL. 
STERDT GRIN = 0 . 7 U B 3 2 E - 0 U  T . C .  LERD= 0 . 4 1 3 6 9 E + 0 7
i'g'
O M E G A  ( R A D / S E C )
'1 O'
FIG 38 . Bode P l o t  o f  F W - X ( 2 ,2 1 ) ,  P r e s s u r e  H o d e l,






















































BODE PLOT -  CM-P (2)
O M E G A  ( R A D / S E C )
B - T  SYSTEM. 2 1  S .  L F .  F S NO 1 5 .  PRESSURE MODEL. 
STEADY GAIN = 0 . 5 6 2 5 2 E + 0 2  T . C .  LAG = 0 . 171194E+03
O M E G A  ( R A D / S E C )
FIG 3 9 .  Bode P l o t  o f  C H -P (2 ) ,  P r e s s u r e  H o d e l ,























































BODE PLOT -  CM-X ( 1 , 1 )
O M E G A  ( R A D / S E C )
B - T  SYSTEM.  2 1  S .  L F .  F S NO 1 5 .  PRESSURE MODEL. 
STEADY GRIN = O . 5 0 7 9 6 E - O U  T . C .  LERD= 0 . 2 0 0 5 U E + 0 6
O M E G A  ( R A D / S E C )
FIG 4 0 .  Bode P l o t  o f  C H - X ( 1 , 1 ) ,  P r e s s u r e  H o d e l ,























































BODE PLOT -  CM-X ( 2 , 2 1 )
l cT 'i cTT cT'T cT'T o "  i c T i  o "  T ou i o1 i o i o i  o i o5
O M E G A  ( R A D / S E C )
B - T  SYSTEM.  2 1  S .  L F .  F S NO 1 5 .  PRESSURE MODEL. 
STEADY GAIN = 0 . 1 5 5 B 3 E - 0 U  T . C .  LEAD= 0 . 2 2 8 4 1 E + 0 6
10"
O M E G A  ( R A D / S E C )
FIG 4 1 .  Bode P l o t  o f  C H - X ( 2 , 2 1 ) ,  P r e s s u r e  M o d e l,
B e n z e n e - T o lu e n e  C o lu a n
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f r e q u e n c y  r e s p o n s e  i n t e r a c t i o n  m e a s u r e  i n  c h a p t e r  f i v e ,  t h e  
i n t e r a c t i o n  m e a s u r e s  a r e  c a l c u l a t e d  b y  E g u a t i o n  (5 .  10) and  
t h e  r e s u l t s  a r e  shown from FIG 42 t o  FIG 5 0 .
The f o l l o w i n g  c o n c l u s i o n s  show t h e  d y n am ic  e f f e c t s  o f  
t h e  i n t e r a c t i o n  m e a s u r e s ,  a t  low f r e q u e n c y ,  t h a t  i s  t h e  
l o n g  t e r m  o r  s t e a d y  s t a t e  e f f e c t s ,  t h e  i n t e r a c t i o n  m e a s u r e s  
a r e  s u m m a r ize d  i n  TaBLE 9 .  The i n t e r a c t i o n  m e a s u r e s  i n  
TaBLE 9 a r e  c a l c u l a t e d  by E q u a t i o n  ( 5 .1 0 )  w h ic h  b a s e d  on 
t h e  p r o c e s s  g a i n s  o f  t h e  c o r r e s p o n d i n g  m a n i p u l a t e d  v a r i a b l e  
-  m e a s u re d  v a r i a b l e  p a i r s .  From TaBLE 9 ,  t h e  r e s i d u e  
T o l u e n e  c o n c e n t r a t i o n  i s  s u g g e s t e d  t o  be a d j u s t e d  by t h e  
d i s t i l l a t e  f lo w  r a t e .  T he  d i s t i l l a t e  B e n z e n e  c o n c e n t r a t i o n  
i s  s u g g e s t e d  t o  b e  a d j u s t e d  by t h e  c o o l i n g  w a t e r  f l o w  r a t e  
and  t h e  co lum n t o p  p r e s s u r e  i s  a d j u s t e d  by t h e  s t e a m  v a l v e  
o p e n  i n g .
I n  o r d e r  t o  show t h e  d y n a m ic  i m b a l a n c e  o f  t h e  p a i r i n g s  
i n  m u l t i v a r i a b l e  s y s t e m  w h ic h  a r e  n o t  i n d i c a t e d  by  t h e  
s t a t i c  r e l a t i v e  g a i n  m e t h o d .  The i n t e r a c t i o n  m e a s u r e s  a t  a 
f r e q u e n c y  o f  10 RAD/SEC a r e  c h o s e n  and  s u m m a r i z e d  i n  t h e  
TABLE 10.  At t h i s  h i g h  f r e q u e n c y ,  t h e  s t e a m  v a l v e  i s  
s u g g e s t e d  t o  a d j u s t  t h e  r e s i d u e  T o l u e n e  c o n c e n t r a t i o n ,  t h e  
c o o l i n g  w a t e r  f l o w  r a t e  t o  a d j u s t  t h e  d i s t i l l a t e  B e n z e n e  
c o n c e n t r a t i o n  an d  t h e  d i s t i l l a t e  f l o w  r a t e  t o  a d j u s t  t h e  
c o lu m n  t o p  p r e s s u r e .  T h i s  i n d i c a t e s  t h a t  t h e  s h o r t  t e rm  










































50 F R E Q U E N C Y  I N T E R R C T I  ON M E R S U R E
, - 5 , -2. - 6 - I i-3
G M E G R  ( R R D / S E C )
INTERERCTION MEASURE OF P 2 - S S L 1  
INTEREHCTI0N MERSURE GRIN = - 0 . 5 0 4 0 2 E - 0 5
, -5 - i ,-2re , - 3
O M E G R  ( R R D / S E C )









































0 F R E Q U E N C Y  I N T E R A C T I O N  ME A S U R E
.-6
O M E G A  ( R A D / S E C )
INTERERCTION MEASURE OF X 0 - S S L 1  
INTERERCTION MERSURE GRIN = 0 . 3 2 7 U 8 E - 0 2
,-6 -3 - i
O M E G A  ( R A D / S E C )













































FREQUENCY I NTERACTI ON MEASURE
,-3 ,-2- i
O M E G A  ( R A D / S E C )
INTERERCTION MERSURE OF XB - SS L1  
INTERERCTION MERSURE GRIN = 0 . 9 9 6 7 3 E + 0 0
,-S , - 3 ,-2- i
O M E G A  ( R A D / S E C )











































FREQUENCY INTERRCTI ON MERSURE
- i . ,-3
Q M E G R  ( R R D / S E C )
I NTERERCTION MEASURE OF P 2 - F N  
INTERERCTION MERSURE GRIN = 0 . 5 5 2 1 5 E - 0 1
,-2.-6 - i ,"3
O M E G R  ( R R D / S E C )













































FREQUENCY I NT E R R CTI  ON MERSURE
. -5 , -3, - D I
O' ME GR ( R R D / S E C )
INTERERCTION MERSURE OF XD-FW 
INTERERCTION MERSURE GRIN = 0 . 9 U 1 6 0 E + 0 0
1 0  1 0  
O M E G R  ( R R D / S E C )
, -2, - 5
I n t e r a c t i o n  H e a su r e  o f  ID-FB
S  F R E Q U E N C Y  I N T E R A C T I O N  M E A S U R E
o
o
o ,-3 ,-2- l
O M E G A  ( R A D / S E C )
o
O  INTERERCTION MERSURE OF XB-FN














O M E G A  ( R A D / S E C )









































50 F R E Q U E N C Y  I N T E R R C T I  ON M E A S U R E
,“2,-5r* - i
O M E G A  ( R A D / S E C )
INTERERCTION MERSURE OF P2-CM 
INTERERCTION MERSURE GRIN = 0 . 9 U 1 7 9 E + 0 0
2r  6 , - 5 - i
O M E G A  ( R A D / S E C )













































FREQUENCY I NTERACTI ON MEASURE
- L ; ,-2,-3,-D
O M E G A  ( R A D / S E C )
INTERERCTION MERSURE OF XD-CM 
INTERERCTION MERSURE GRIN = 0 . 5 5 1 2 1 E - 0 1
, -3, -S - i ,-2,-3
O M E G A  ( R A D / S E C )












































FREQUENCY INTERRCTI ON MERSURE
,-2, -6 ,-s - I .
G M E G R  ( R R D / S E C )
1 0
INTERERCTION MERSURE OF XB-CM 
INTERERCTION MEASURE GRIN = 0 . 8 8 4 6 2 E - O I !
\
1 0 ' 10" 1 O'
- 5





O M E G R  ( R R D / S E C )
1 0 10 1 0
FIG 50 . I n t e r a c t i o n  M easure  o f  XB-CH
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TABLE 9 .
The I n t e r a c t i o n  M e a su re s  Of The B e n z e n e - T o l u e n e  
S y s te m  At S t e a d y  S t a t e -  The R e f l u x  Drum L e v e l  
C o n t r o l l e r  A d j u s t s  The R e f l u x  Flow R a t e -
I -------------- 1
1 I 1 — • •  1 „
SSL (1) FW i CM |
1 P (2 )  | - 0 . 5 0 4 0 2 E - 5 0 .0 5 5 2 1 5 | 0 .9 4 4 7 9  I
1 X(1»1) I 0 . 0 0 3 2 7 5 0 .9 4 1 6 | 0 . 0 5 5 1 2 1  |
I X ( 2 ,2 1 )  | 0 .9 9 6 7 3 0 .0 0 3 1 8  13 | 0 . 8846E-4  |
TABLE 10.
The I n t e r a c t i o n  M easu res  Of The B e n z e n e - T o l u e n e  
S y s tem  At F r e q u e n c y  Of 10 RAD/SEC. The R e f l u x  
Drum L e v e l  C o n t r o l l e r  A d j u s t s  The R e f l u x  Flow 
R a t e .
1 1 
1 1 SSL (1) FW
I I
1 CM |
1 P (2 )  I 1 .0 0 . 0
“ I ------------------1
1 O.o ]
1 X (1 ,  1) I 0 . 0 1 . 0 ] 0 . 0  1
1 X ( 2 ,2 1 )  1
1— -----------1—
0 . 0 0 . 0 1 1 .0  | 
-------------------- 1
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t h a t  d y n a m ic  d e c o u p l i n g  i s  p r o b a b l y  n e c e s s a r y .  T h i s  
p ro g ra m  p r o v i d e s  an  i n v a l u a b l e  t o o l  t o  d e s i g n  su c h  a  
d e c o u p l e r ,  a s  t h e  Bode p l o t s  c a n  be  u s e d  t o  d e t e r m i n e  t h e  
n e c e s s a r y  d y n a m ic  c o m p e n s a t i o n .
I f  t h e  r e f l u x  drum l e v e l  c o n t r o l l e r  o f  t h i s  B en z e n e  -  
T o l u e n e  d i s t i l l a t i o n  co lum n  a d j u s t s  t h e  d i s t i l l a t e  f low  
r a t e  and  t h e  co lumn b a s e  l e v e l  c o n t r o l l e r  a d j u s t s  t h e  
r e s i d u e  f l o w  r a t e ,  t h e r e  a r e  s t i l l  t h r e e  o p e n  l o o p s  i n  t h i s  
d i s t i l l a t i o n  c o lu m n ,  t h e  s t e a m  c o n t r o l  v a l v e ,  t h e  r e f l u x  
f l o w  r a t e  c o n t r o l  v a l v e  a n d  t h e  c o n d e n s e r  c o o l i n g  w a t e r  
f l o w  r a t e  c o n t r o l  v a l v e .  I f  t h e  d i s t i l l a t e  and r e s i d u e  
c o m p o s i t i o n  an d  t h e  c o lu m n  t o p  p r e s s u r e  a r e  c h o s e n  a s  t h e  
c o n t r o l l e d  v a r i a b l e s ,  t h e  s t e a d y  s t a t e  i n t e r a c t i o n  m e a s u r e s  
a r e  su m m ar iz ed  i n  TABLE 11.  A lso  f o r  t h i s  p a r t i c u l a r  c a s e ,  
t h e  i n t e r a c t i o n  m e a s u r e s  a t  a f r e q u e n c y  o f  100 RAD/SEC a r e  
c h o s e n  and  s u m m a r i z e d  i n  TABLE 12.
Summary Of The R e s u l t s
The e f f e c t s  o f  t h e  d i s t i l l a t i o n  co lum n  model  
s i m p l i f i c a t i o n  on  p r o c e s s  t r a n s f e r  f u n c t i o n s  a r e  c o m p a re d  
among t h e  p r e s s u r e  m o d e l ,  t h e  e n t h a l p y  m o d e l ,  an d  t h e  
e g u i m o l a r  o v e r f l o w  m o d e l .  I n  t h e  e n t h a l p y  a n d  p r e s s u r e  
m o d e l s ,  s i n c e  t h e  d e t a i l  m o d e le d  B a l l a s t  t r a y  h y d r a u l i c s  i n  
t h e  f r e q u e n c y  dom ain  i s  u s e d ,  r e s u l t s  i n d i c a t e  i n v e r s e
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TABLE 11.
T he  I n t e r a c t i o n  M e a s u r e s  O f  The B e n z e n e - T o l u e n e  Sys tem  
A t  S t e a d y  S t a t e .  The R e f l u x  Drum L e v e l  C o n t r o l l e r  A d j u s t s  






1 P (2 )  | 0 . 5 2 4 | 0 . 0 9 0 7 9 6
1 1
i 0 . 3 8 5 1 6  1
1 X(1„1) | 2 4 . 0 2 7 i - 1 1 . 7 3 1 f - 1 1 . 2 9 5  |




| 11 .9 1  |
TABLE 12.
The I n t e r a c t i o n  M e a s u re s  Of The B e n z e n e - T o l u e n e  
System At F r e q u e n c y  Of 100 RAD/SEC. The  R e f l u x  
Drum L e v e l  C o n t r o l l e r  A d j u s t s  The D i s t i l l a t e  F low 
R a t e .
1 1 
1 1 L(1) 1 FH
i l
1 CM 1
1 P (2 )  1
-------- --------------- | ---------
1 .0  | 0 . 0
~ 1-------------------- 1
1 O.o ]
I X<1,1)  1 0 . 0  | 1 . 0
“ 1-------------------- 1
I 0 . 0  1
1 X < 2 ,2 1 ) |
1-------------- 1 —
—  ------ --------- ] —
0 . 0  I
---------------------- , --------
0 .0
- J  -  -------------- 1
i 1 .0  1
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r e s p o n s e .  T h i s  i n v e r s e  r e s p o n s e  phenomena o f  t h e  B a l l a s t  
t r a y  co lum n  h a s  a l s o  n o t e d  b y  L u y b e n  (1969) a n d  B u c k l e y  
(1975)  .
I n  d e s i g n i n g  t h e  m u l t i l o o p  c o n t r o l  s y s t e m s ,  n o r m a l l y ,  
t h e  s t e a d y  s t a t e  i n t e r a c t i o n  m e a s u r e s  c a l c u l a t e d  b y  
B r i s t o l ' s  r e l a t i v e  g a i n  a r r a y  m e th o d  i s  w i d e l y  u s e d .  I n  
t h e  s e c o n d  p a r t  o f  t h e  r e s u l t s ,  t h e  s t e a d y  s t a t e  g a i n  
a n a l y s i s  o f  t h e  B e n z e n e  -  T o l u e n e  co lu m n  a r e  s t u d i e d .
I n  t h e  l a s t  p a r t  o f  t h e  r e s u l t s ,  t h e  d y n a m ic  e f f e c t s  
o f  t h e  i n t e r a c t i o n  m e a s u r e s  a r e  c a l c u l a t e d  a s  a f u n c t i o n  o f  
f r e q u e n c y  t o  p r o v i d e  a  b e t t e r  i n s i g h t  i n t o  t h e  m u l t i l o o p  
c o n t r o l  p a i r i n g s  t h r o u g h  t h e  B e n z en e  -  T o l u e n e  p r e s s u r e  
m o d e l .
SUMMARY AND CONCLUSIONS
The o b j e c t i v e  o f  t h i s  r e s e a r c h  was t o  d e v e l o p  a 
f l e x i b l e  f r e q u e n c y  r e s p o n s e  p a c k a g e  f o r  t h e  d i s t i l l a t i o n  
c o l u m n s .  T h e r e  a r e  t h r e e  a p p l i c a t i o n s  o f  i t  :
(1) T e s t  t h e  m ode l  a s s u m p t i o n s  and  t h e i r  e f f e c t s .
(2) D e t e r m i n e  t h e  s t e a d y  s t a t e  s e n s i t i v i t i e s .
(3) C a l c u l a t e  t h e  i n t e r a c t i o n  m e a s u re  a s  a f u n c t i o n  o f  
f r e g u e n c y .
A c o m p l e t e  s e t  o f  c o m p u t e r  p r o g ra m s  a r e  s e t  up i n  t h i s  
r e s e a r c h  w h ic h  i n c l u d e s  a s t e a d y  s t a t e  d i s t i l l a t i o n  
p r o g r a m ,  a  m e c h a n i c a l  d i s t i l l a t i o n  co lum n d e s i g n  p r o g r a m ,  a 
g e n e r a l i z e d  d i s t i l l a t i o n  co lum n p r e s s u r e  m o d e l  i n  t h e  
f r e q u e n c y  d o m a in ,  a p r o c e s s  t r a n s f e r  f u n c t i o n  Bode p l o t  
p ro g ram  and an  i n t e r a c t i o n  m e a s u r e  c a l c u l a t i o n  p r o g r a m .
The s t e a d y  s t a t e  d i s t i l l a t i o n  p ro g ram  i s  n e e d e d  t o  
f a c i l i t a t e  t h e  s e t  up  o f  t h e  s t e a d y  s t a t e  p r o f i l e  a r o u n d  
w h ich  t h e  model  e q u a t i o n s  a r e  l i n e a r i z e d .  The m e c h a n i c a l  
d e s i g n  p ro g ra m  p r o v i d e s  t h e  m e c h a n i c a l  p a r a m e t e r s  o f  t h e  
t r a y  c o lu m n ,  t h e  r e b o i l e r ,  t h e  c o n d e n s e r  an d  t h e  r e f l u x  
drum.  The d i s t i l l a t i o n  co lum n  p r e s s u r e  m o d e l  i s  u s e d  t o  
g e n e r a t e  t h e  p r o c e s s  t r a n s f e r  f u n c t i o n s  b e tw e e n  t h e  c h o s e n  
m a n i p u l a t e d  an d  c o n t r o l l e d  v a r i a b l e s .  B a sed  on t h e  
g e n e r a t e d  p r o c e s s  t r a n s f e r  f u n c t i o n s ,  t h e  i n t e r a c t i o n  
m e a su re  p ro g ram  c a l c u l a t e s  t h e  i n t e r a c t i o n  m e a s u r e s  a s  a
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f u n c t i o n  o f  f r e q u e n c y -  The r e s u l t s  a r e  t h e n  p r e s e n t e d  a s  
Bode p l o t s .  A l t h o u g h  t h e  i n t e r a c t i o n  m e a s u re  e x a m p le  i n  
c h a p t e r  s i x  I s  a t h r e e  m a n i p u l a t e d  v a r i a b l e s  v i t h  t h r e e  
c o n t r o l l e d  v a r i a b l e s  s y s t e m ,  t h e  i n t e r a c t i o n  m e a s u re  
c a l c u l a t i o n s  may be  g e n e r a t e d  t o  n d i m e n s i o n s  i f  t h e r e  i s  a 
d i s t i l l a t i o n  co lum n v i t h  n m a n i p u l a t e d  v a r i a b l e s  and  n 
c o n t r o l l e d  v a r i a b l e s .  The d ynam ic  i n t e r a c t i o n  m e a s u r e  
r e s u l t s  i n d i c a t e  a  d i s c r e p a n c y  b e tw ee n  s t e a d y  s t a t e  and 
d y n a m ic  p a i r i n g s .  T he  p ro g ra m  d e v e l o p e d  i n  t h i s  r e s e a r c h  
can  h e l p  d e v e l o p  d y n am ic  d e c o u p l e r s  t o  h a n d l e  t h i s  
s i  t u a  t i o n .
I n  t h e  p a s t ,  t h e  m a j o r i t y  o f  t h e  a u t h o r s  s e t  up 
d i s t i l l a t i o n  c o lum n  e g u i m o l a r  o v e r f l o w  m o d e ls  o r  e n t h a l p y  
m o d e l s  f o r  a p a r t i c u l a r  s y s t e m ,  b u t  a l l  o f  them a r e  n o t  
f l e x i b l e  en o u g h  t o  h a n d l e  d i f f e r e n t  t y p e s  o f  c o l u m n s .  I n  
t h i s  r e s e a r c h ,  b o t h  t h e  s t e a d y  s t a t e  d i s t i l l a t i o n  column 
m odel  a n d  t h e  d y n a m ic  p r e s s u r e  m odel  a r e  d e r i v e d  v i t h  t h e  
a s s u m p t i o n  t h a t  e a c h  t r a y  h a s  l i q u i d  f e e d  an d  v a p o r  f e e d  
co m in g  i n ,  l i q u i d  p r o d u c t  an d  v a p o r  p r o d u c t  g o i n g  o u t  and  
t h e  i n t e r s t a g e  h e a t e r  o r  c o o l e r .
A l s o  m o s t  p a p e r s  i n  t h e  p a s t  d e a l i n g  v i t h  t h e  a n a l y s i s  
o f  d i s t i l l a t i o n  c o lu m n s  h a v e  a s su m e d  t h e  p r e s s u r e  t o  r e m a in  
c o n s t a n t  a n d  h a v e  b e e n  c o n s e q u e n t l y  u n a b l e  t o  s t u d y  t h e  
p r e s s u r e  a s  a  c o n t r o l l e d  v a r i a b l e .  The d y n am ic  p r e s s u r e  
d i s t i l l a t i o n  co lu m n  m odel  u s e d  i n  t h i s  r e s e a r c h  was b a s e d
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on t h e  t o t a l  and  c o m p o n en t  m a t e r i a l  b a l a n c e s ,  e n t h a l p y  
b a l a n c e s ,  s u m m a t io n  e q u a t i o n s ,  e q u i l i b r i u m  r e l a t i o n s h i p s  a s  
w e l l  a s  t h e  p r e s s u r e  r e l a t i o n s h i p s  and  t h e  d e t a i l e d  
m o d e l in g  o f  t h e  t r a y  h y d r a u l i c s ,  c o n d e n s e r ,  r e f l u x  drum and 
r e b o i l e r .  The p r e s s u r e  model  c a n  be s i m p l i f i e d  t o  t h e  
e n t h a l p y  m odel  by r e m o v in g  a l l  t h e  p r e s s u r e  r e l a t i o n s h i p s .  
The e n t h a l p y  model  c a n  b e  s i m p l i f i e d  t o  t h e  e q u i m o l a r  
o v e r f l o w  model  by r e m o v in g  a l l  t h e  e n t h a l p y  b a l a n c e s  and 
t h e  v a p o r  p h a s e  s u m m a t io n  e q u a t i o n s .  [ The v a r i a b l e  p r e s s u r e  
model  p e r m i t s  t h e  s t u d y  o f  t h e  e f f e c t  o f  t h e  p r e s s u r e  
c o n t r o l  l o o p  on t h e  co lum n i n t e r a c t i o n  a n a l y s i s .  T h i s  
im p ro v e m e n t  o v e r  m o d e l s  c u r r e n t l y  r e p o r t e d  i n  t h e
l i t e r a t u r e  i s  an i m p o r t a n t  c o n t r i b u t i o n  o f  t h i s  w o rk . ]
Rec o m m en d a t io ns  F o r  F u t u r e  Work
T h i s  s t u d y  was c o n s i d e r e d  a s  t h e  f i r s t  s t e p  i n  t h e  
r e s e a r c h  p r o g r a m ,  l a y i n g  t h e  g ro u n d w o rk  f o r  t h e  f u t u r e  
s t u d y .  The r e c o m m e n d a t i o n s  f o r  t h e  f u t u r e  work a r e  :
(1) The i n t e r a c t i o n  m e a s u r e s  o f  d i f f e r e n t  p o s s i b l e  m e a s u re d  
v a r i a b l e s  i n  t h e  c o n t r o l  p a i r i n g s .
(2) The s t u d y  o f  t h e  f e a s i b i l i t y  o f  t h e  d e c o u p l i n g  o f  t h e
d i s t i l l a t i o n  c o lu m n .
(3) The i n t e r a c t i o n  m e a s u r e s  o f  t h e  more co m p le x  
d i s t i l l a t i o n  c o lu m n ,  e . g . ,  d i s t i l l a t i o n  co lum n w i t h
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m u l t i p l e  f e e d s ,  m u l t i p l e  s i d e s t r e a m s ,  i n t e r  s t a g e  
h e a t e r s  /  c o o l e r s .
(4) The d e t e r m i n a t i o n  o f  w h e t h e r  t h e  i n t e r a c t i o n s  f o r  a 
p a r t i c u l a r  s y s t e m  d y n a m i c a l l y  a r e  f a v o r a b l e  o r  n o t .
(5) The s t u d y  o f  t h e  d i f f e r e n t  c o n t r o l  p a i r i n g s  b e tw e e n  t h e  
h ig h  p u r i t y  c o n t r o l  and  low p u r i t y  c o n t r o l .
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APPENDIX A
PLASH PEED INTO THE DISTILLATION COLUMN
As shown i n  FIG 2 ,  p r e s s u r e  a t  t h e  u p s t r e a m  and 
d o w n s t re a m  o f  t h e  r e s t r i c t i o n  v a l v e  i s  a s su m e d  c o n s t a n t .
The e q u a t i o n s  d e s c r i b i n g  t h i s  s y s t e m  a r e  s t e a d y  s t a t e  t o t a l  
an d  c o m p o n e n t  m a t e r i a l  b a l a n c e s ,  e n t h a l p y  b a l a n c e ,  
s u m m a t io n  e q u a t i o n s  an d  e q u i l i b r i u m  r e l a t i o n s h i p s .
(A) f e e d  a t  t h e  u p s t r e a m  o f  t h e  r e s t r i c t i o n  v a l v e
(1) t o t a l  m a t e r i a l  b a l a n c e .
F =FUL ♦FUV 
n n n
(A.1)
(2) co m p o n en t  m a t e r i a l  b a l a n c e  (NC-1 e g u a t i o n s )
F *Z = (FUL *FOX ) * {FUV *FtJY 
n i , n  n i , n  n i , n
(A. 2)
(3) e q u i l i b r i u m  r e l a t i o n s h i p s  ( f o r  i=1 ,NC)
FOY =KU *FUX 
i , n  i , n  i , n
(A.3)
(4) e n t h a l p y  b a l a n c e
F *HF = (FDL *HOL )+(FUV *HUV ) 
n i , n  n n n n
(A .4)
(5) t h e r m a l  p r o p e r t i e s
HFL = f  (TO , FOX ) 
n n i ,  n
(A. 5)
HFV =f(TU , FOY ,PU ) 




(6) su m m at io n  e q u a t i o n s .
5FUX = 1 . 0  ( fi .7)
i  i
IFOY = 1 . 0  ( A .8)
i  i
(B) f e e d  a t  t h e  d o w n s t re a m  o f  t h e  r e s t r i c t i o n  v a l v e
(1) t o t a l  m a t e r i a l  b a l a n c e .
F =FL +FV (A .9)
n n n
(2) co m p o n e n t  m a t e r i a l  b a l a n c e  (NC-1 e q u a t i o n s } .
F *Z = (FL *ZL ) + (FV *ZV ) (A. 10)
n i , n  n i , n  n i  ,n
(3) e q u i l i b r i u m  r e l a t i o n s h i p s  ( f o r  i = 1 , N C ) .
ZV =KD *ZL (A .11)
i , n  i , n  i , n
(4) e n t h a l p y  b a l a n c e .
F *HF = ( F I  *HFL ) + (FV *HFV ) ( A . 12)
n i , n  n n n n
(5) t h e r m a l  p r o p e r t i e s .
HI = f  (TF ,  ZL ) (A. 13)
n n i ,  n
HV = f ( T F  ,ZV ,P  ) ( A . 14)
n n i  , n  n
(6) su m m at ion  e q u a t i o n s .
SZL = 1 . 0  (A. 15)
i  i
2ZV = 1 . 0  ( A . 16)
i  i
F i r s t ,  t h e  u p s t r e a m  w o rk in g  e q u a t i o n s  c a n  b e  d e r i v e d .
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S u b s t i t u t i n g  FUV / F  f o r  FU an d  s o l v i n g  f o r  FUX ;
n n n i , n
Z
i , n
FOX  ---------------------------------------------------------- (A. 17)
i , n  (1 .0 -F U  ) + (FU *KU ) 
n n i ,  n
Z
i , n
5  FUX = 2------------------------------------------- = 1 .0  (A. 18)
i  i , n  i  ( 1 .0 - F U  ) + (FU *KU )
n n i , n
S i m i l a r l y ,
Z
i , n
ZFUY = 2--------------------------------------------  1 . 0  ( A .19)
i  i , n  i  FU + (1 .0 -F U  )/KU
n n i ,  n
Once t h e  FU i s  s o l v e d  f ro m  e i t h e r  e g u a t i o n  (A. 18) o r  
n
( A . 1 9 ) ,  t h e  am ount  o f  l i q u i d  an d  v a p o r  and  t h e  c o r r e s p o n d i n g
c o m p o s i t i o n ,  e n t h a l p y  f o r  t h e  u p s t r e a m  f e e d  c a n  t h e n  be
c a l c u l a t e d .  But  by t a k i n g  a  c l o s e r  e x a m i n a t i o n ,  i f  e i t h e r
(A. 18) o r  (A. 19) i s  s o l v e d  by  t r i a l  and e r r o r  a p p r o a c h  f o r
FU ,  t h e r e  e x i s t s  two p o s s i b l e  s o l u t i o n s  i n  e i t h e r  e g u a t i o n .  
n
F o r  e q u a t i o n  (A. 18) ,  t h e  FU m ig h t  c o n v e r g e  t o  z e r o  o r  a
n
v a l u e  i n - b e t w e e n  z e r o  a n d  o n e .  F o r  e q u a t i o n  (A. 19) , t h e  FU
n
m ig h t  c o n v e r g e  t o  o n e  o r  a  v a l u e  i n - b e t w e e n  z e r o  an d  o n e .  
I n s t e a d ,  i f  t h e  f o l l o w i n g  e q u a t i o n  i s  s o l v e d ,  t h e n  t h e  
s o l u t i o n  w i l l  be u n i q u e .
5FUX -  ZFUY = 0 . 0  (A .20)
i  i , n  i  i , n
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S i m i l a r  e q u a t i o n  c an  be d e r i v e d  f o r  t h e  d o w n s t re a m  o f
t h e  r e s t r i c t i o n  v a l v e .
2ZL -  JZV = 0 . 0  (A. 21)
i  i , n  i  i , n
z z
i , n  i , n
= ^  2 -----------------------------------------------
i  {1 .0 -FD  )+(FD *KD ) i  FD + { 1 .0 -F D  ) /KD
n n i , n  n n i , n
The f l a s h  f e e d  c a l c u l a t i o n  p r o c e d u r e  i s  now s u m m a r i z e d  
a s  f o l l o w s  :
(1) B ased  on  t h e  u p s t r e a m  f e e d  t e m p e r a t u r e ,  f e e d  p r e s s u r e ,
t o t a l  f e e d  r a t e ,  f e e d  c o m p o s i t i o n ,  s o l v e  F0 f ro m
n
e q u a t i o n  (A .20)  by u s i n g  t h e  N e w to n -R ap h so n  m e th o d .
(2) Based  on FO ,  c a l c u l a t e  t h e  u p s t r e a m  t o t a l  f e e d
n
e n t h a l p y .
(3) Make t h e  d o w n s t r e a m  b u b b l e  and  dew p o i n t  c a l c u l a t i o n  
a c c o r d i n g  t o  t h e  d o w n s t re a m  p r e s s u r e  a n d  t h e  t o t a l  
f e e d  c o m p o s i t i o n .
(4) C a l c u l a t e  t h e  two r e f e r e n c e  e n t h a l p y  by a s u m in g  e i t h e r  
t h e  f e e d  i s  a l l  l i g u i d  a t  d o w n s t re a m  b u b b l e  p o i n t  
t e m p e r a t u r e  o r  a l l  v a p o r  a t  d o w n s t re am  dew p o i n t  
t e m p e r a t u r e .
(5) I f  t h e  u p s t r e a m  f e e d  e n t h a l p y  i s  l e s s  t h a n  t h e  
r e f e r e n c e  d o w n s t r e a m  b u b b l e  p o i n t  t e m p e r a t u r e  
e n t h a l p y ,  t h e  d o w n s t r e a m  f e e d  i s  t h e n  a l l  l i g u i d .
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C a l c u l a t e  t h e  d o w n s t re a m  l i q u i d  t e m p e r a t u r e .
(6) I f  t h e  u p s t r e a m  f e e d  e n t h a l p y  i s  g r e a t e r  t h a n  t h e  
r e f e r e n c e  d o w n s t r e a m  dew p o i n t  t e m p e r a t u r e  e n t h a l p y ,  
t h e n ,  t h e  d o w n s t r e a m  f e e d  i s  a l l  v a p o r .  C a l c u l a t e  t h e  
d o w n s t r e a m  v a p o r  t e m p e r a t u r e .
(7) I f  t h e  u p s t r e a m  f e e d  e n t h a l p y  i s  i n - b e t w e e n  t h e  
r e f e r e n c e  b u b b l e  p o i n t  and  dew p o i n t  e n t h a l p y ,  t h i s  
means t h e  d o w n s t re a m  f e e d  i s  a  f l a s h  f e e d  which 
c o n s i s t s  o f  b o t h  l i q u i d  and  v a p o r .  F in d  o u t  t h e  
f r a c t i o n  v a p o r i z e d  and t e m p e r a t u r e  by :
(a) Use b i - s e c t i o n  m e th o d ,  c h o o s e  a  t e m p e r a t u r e  
b e t w e e n  t h e  r e f e r e n c e  b u b b l e  p o i n t  and  dew p o i n t  
t e m p e r a t u r e .
(b) S o l v e  f o r  f r a c t i o n  v a p o r i z e d  f ro m  e g  ( A .2 1 ) .
(c) C a l c u l a t e  t h e  d o w n s t re am  f l a s h  f e e d  e n t h a l p y .
(d) Check t h e  c a l c u l a t e d  f l a s h  f e e d  e n t h a l p y  w i t h  t h e  
t o t a l  f e e d  e n t h a l p y ,  i f  n o t  m a t c h e d ,  go b ac k  t o


























FOR APPENDIX A 
t o t a l  f e e d  r a t e ,  LBMOLE/SEC, t o  s t a g e  n .
f r a c t i o n  v a p o r i z e d  o f  d o w n s t re a m  f e e d  o f
s t a g e  n * FV / F  .
n n
d o w n s t r e a m  l i q u i d  f e e d  r a t e ,  LBHOLE/SEC, t o  
s t a g e  n .
f r a c t i o n  v a p o r i z e d  o f  u p s t r e a m  f e e d  o f  s t a g e  n
= FOV / F  .  
n n
d o w n s t r e a m  v a p o r  f lo w  r a t e ,  LBMOLE/SEC, t o  
s t a g e  n .
u p s t r e a m  l i q u i d  f e e d  r a t e ,  LBMOLE/SEC, t o  
s t a g e  n .
u p s t r e a m  v a p o r  f l o w  r a t e ,  LBHOLE/SEC, t o  
s t a g e  n .
m ole  f r a c t i o n  o f  c o m p o n e n t  i  o f  FUL .
n
m ole  f a r c t i o n  o f  c o m p o n e n t  i  o f  FUV .
n
e n t h a l p y ,  BTU/LBMOLE, o f  F .
n
e n t h a l p y ,  BTU/LBMOLE, o f  FL .
n




















i f  n
ZV
i . n
:  e n t h a l p y ,  BTU/LBMOLE, o f  FUL .
n
: e n t h a l p y ,  BTU/LBMOLE, o f  FUV .
n
: e q u i l i b r i u m  K o f  c o m p o n e n t  i  o f  d o w n s t re am
f e e d  o f  s t a g e  n.
: e q u i l i b r i u m  K o f  co m p o n en t  i  o f  u p s t r e a m  f e e d
o f  s t a g e  n .
: p r e s s u r e ,  P S I ,  a t  t h e  d o w n s t re a m  o f  t h e
r e s t r i c t i o n  v a l v e  o f  s t a g e  n .
: p r e s s u r e ,  P S I ,  a t  t h e  u p s t r e a m  o f  t h e
r e s t r i c t i o n  v a l v e  o f  s t a g e  n-
: f e e d  t e m p e r a t u r e ,  F ,  a t  t h e  d o w n s t re a m  o f  t h e
r e s t r i c t i o n  v a l v e  o f  s t a g e  n .
: f e e d  t e m p e r a t u r e ,  F ,  a t  t h e  u p s t r e a m  o f  t h e
r e s t r i c t i o n  v a l v e  o f  s t a g e  n.
: m ole  f r a c t i o n  o f  c o m p o n e n t  i  o f  FL .
n
: m ole  f r a c t i o n  o f  c o m p o n e n t  i  o f  FV .
n
APPENDIX B
DESIGN PROCEDURES OF VERTICAL THEBMOSYPHON BEBOILER
The s t r u c t u r e  o f  t h e  v e r t i c a l  t h e r m o s y p h o n  r e b o i l e r  
d e s i g n e d  by t h i s  r e s e a r c h  i s  l i m i t e d  t o  o n e  s h e l l  and  o n e  
t u b e  p a s s .  The d e s i g n  o f  t h e  v e r t i c a l  t h e r m o s y p h o n  
r e b o i l e r  c a n  be  d i v i d e d  i n t o  two c a s e s .  The f i r s t  c a s e  
s e l e c t s  t h e  opt imum r e c i r c u l a t i o n  r a t i o  b a s e d  on t h e  f i x e d  
t u b e  l e n g t h .  The s e c o n d  c a s e  s e l e c t s  t h e  optimum t u b e  
l e n g t h  b a s e d  on t h e  f i x e d  r e c i r c u l a t i o n  r a t i o .
The d e s i g n  p r o c e d u r e s  a r e  s u m m a r i z e d  a s  f o l l o w s  :
(1) E v a l u a t e  t h e  h e a t  l o a d  Q.
(2) E v a l u a t e  t h e  LMTD by a s s u m i n g  r e b o i l e r  i s  u n d e r
i s o t h e r m a l  b o i l i n g .
(3) C a l c u l a t e  t h e  r e q u i r e d  s t e a m  mass  f lo w  r a t e .
(4) From t h e  i n p u t  d e s i g n  f l u x ,  c a l c u l a t e  t h e  h e a t
t r a n s f e r  a r e a  r e q u i r e d .  As s u g g e s t e d  by  Kern  ( 1 9 5 0 ) ,
t h e  maximum f l u x  f o r  t h e  o r g a n i c  m a t e r i a l s  i s  l i m i t e d  
t o  1 2 0 0 0 .0  BTU/HB,FT**2. E x p e r i e n c e  h a s  shown t h a t  a 
f l u x  o f  6000  t o  8000 i s  a  good s t a r t i n g  v a l u e  f o r  t h e  
o r g a n i c s .
Q
A    (B. 1)
FLUX
(5) F o r  c a s e  o n e ,  t h e  t u b e  l e n g t h  i s  f i x e d .  F o r  c a s e  tw o ,
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t h e  t a b e  l e n g t h  i s  a s su m ed .
(6) From t h e  t u b e  l e n g t h ,  t u b e  o u t s i d e  d i a m e t e r r t u b e  BWG, 
t u b e  l a y o u t  p i t c h ,  f i n d  t h e  t u b e  c o u n t  an d  s h e l l  s i z e  
f ro m  TABLE 13.  I f  t h e  h e a t  t r a n s f e r  a r e a  i s  t o o  b i g ,  
r e b o i l e r s  i n  p a r a l l e l  w i l l  be a s su m e d .
(7) E v a l u a t e  an o p e r a t i n g  o v e r a l l  h e a t  t r a n s f e r  c o e f f i c i e n t .
D A*LMTD
(8) For  c a s e  o n e ,  a r e c i r c u l a t i o n  r a t i o  i s  a s s u m e d .  F o r  
c a s e  t w o ,  t h e  r e c i r c u l a t i o n  r a t i o  i s  s p e c i f i e d  i n  t h e  
i n p u t  d a t a .
(9) D e t e r m i n e  t h e  m a t e r i a l  b a l a n c e  a r o u n d  t h e  u n i t .  
S u p p o se  t h e  r e c i r c u l a t i o n  r a t i o  i s  H : 1 ,  t h e n  : 
t o t a l  w e i g h t  o f  r e c i r c u l a t e d  l i q u i d
= a * ( d e s i r e d  v a p o r  r a t e ,  V) 
v a p o r  = d e s i r e d  v a p o r  r a t e ,  V 
t o t a l  = (H+1) * ( d e s i r e d  v a p o r  r a t e ,  v)
(10) P r e s s u r e  b a l a n c e  a c r o s s  r e b o i l e r




avg 2 . 3*L o
144 .0 1 4 4 .0 *  (V -V )
o i





L : l e n g t h  o f  r e b o i l e r  t u b e ,  FT
TABLE 13 174
T ube-sheet Layouts (Tube Counts). 
Triangular Pitch
i i  in OD tubes on 1J f 8-in.
pitch




ID . in. l-P 2-P 4-P 6 -P . 8-P
Shell 
ID , in. l-P 2-P 4-P 6-P 8-P
8 36 32 26 24 18 8 37 30 24 24
10 62 56 47 42 36 10 61 52 40 36
12 109 98 86 82 78 12 92 82 76 74 70
13): 127 114 96 90 86 1 3 ): 109 106 86 82 74
IS)! 170 160 140 136 128 15): 151 138 122 118 110
i7 ) j 239 224 194 188 178 17)! 203 196 178 172 166
i s ) : 301 282 252 244 234 19)! 262 250 226 216 210
21 i t 361 342 314 306 290 2 d : 316 302 278 272 260
23)! 442 420 386 378 364 23>: 384 376 352 342 328
2 6 532 506 468 446 434 25 470 452 422 394 382
27 637 IH)2 550 536 524 27 559 534 488 474 464
29 721 692 640 620 594 29 630 604 556 638 508
31 847 822 766 •722 720 31 745 728 678, 666 640
33 974 938 878 852 826 33 856 830 774 760 732
35 1102 1068 1004 988 958 35 970 938 882 864 848
37 1240 1200 1144 1104 1072 37 1074 1044 1012 986 870
39 1377 1330 1258 1248 1212 39 1206 1176 1128 1100 1078
1 in. OD tubes on l) :- in . triangular pitch 1 ) : in. OD tubes on ]% g-in.
pitch
triangular
8 21 16 16 14
10 32 32 26 24 10 20 18 14
12 55 52 48 46 44 12 32 30 26 22 20
13): 68 66 58 54 50 13) :  • SB 36 32 28 26
15)! 91 86 80 74 72 15): 54 51 45 42 88
17)«' 131 118 106 104 94 17,’: 69 66 62 58 54
19) : 163 152 140 136 128 19)! 95 91 86 78 60
2 d : 199 188 170 164 160 2 d : 117 112 105 101 95
2 3 « 241 232 212 212 202 23) 140 136 130 123 117
25 294 282 256 252 242 25 170 164 155 150 140
27 349 334 302 296 286 27 202 196 185 170 170
29 397 376 338 334 316 29 235 228 217 212 202
31 472 454 430 424 400 31 275 270 255 245 235
33 538 522 486 470 454 33 315 305 297 288 275
35 608 592 562 546 532 35 357 348 335 327 315
37 674 664 632 614 598 37 407 390 380 374 357
39 766 736 700 688 672 39 449 436 425 419 407
l ) j  in. OD tubes on 1 
pitch
triangular
12 18 14 14 12 12
i3 i : 27 22 18 16 14
16l! 36 34 32 30 27
m : 48 44 42 38 36
i9 ) : 61 58 55 51 48
21): 76 72 70 66 61
23) : 95 91 86 80 76
25 115 n o 105 98 05
27 136 131 125 118 115
2* 160 154 147 141 136
31 1B4 177 172 165 160
33 215 206 200 190 184
35 246 238 ‘ 230 220 215
37 275 268 260 252 246
39 307 299 290 284 275 *
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V : s p e c i f i c  v o lu m e  o f  f l u i d  a t  t h e  o u t l e t  o f
0
r e b o i l e r ,  FT**3/LBM.
V : s p e c i f i c  v o lum e  o f  f l u i d  a t  t h e  i n l e t  o f
1
r e b o i l e r ,  FT**3/LB?1.
(b) F r i c t i o n  r e s i s t a n c e  t o  f lo w  i n s i d e  t u b e s
2
f  * G * L * n
p r e s s u r e  d r o p  = P  -----------------------------------------  , p s i
t  5 .2 2 E 1 0  * D * s  *
i  t
(B.4)
w here  :
G : f l o w  i n t o  t u b e s ,  LB/HR,FT**2,  c r o s s  s e c t i o n a l
a r e a  o f  t u b e s ,
D : t u b e  i n s i d e  d i a m e t e r ,  FT.
i
c(> : 1 . 0 .
t
f  : f r i c t i o n  f a c t o r  f o r  f l o w  i n  t u b e s .
I f  R e y n o l d s  number Re < 2000 ,  
u se  H a g e n - P o i s e u i l l e  e g u a t i o n .
16
f   -------  (B. 5)
Re
I f  R e y n o l d s  number Re > 2000 ,
u s e  flcAdams and  S e l t z e r  r e l a t i o n s h i p .
0 . 2 6 4
f  = 0 . 0 0 3 5  ♦ ------------   (B.6)
0 . 4 2
(Be)
s  : mean s p e c i f i c  g r a v i t y  i n  t u b e  a s  a v e r a g e  o f
i n l e t  l i g u i d  a n d  o u t l e t  v a p o r - l i g u i d  m i x t u r e .
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(11)  T o t a l  r e s i s t a n c e  t o  f lo w
= s t a t i c  p r e s s u r e  o f  r e b o i l e r  l e g  
+ p r e s s u r e  d r o p  t h r o u g h  t u b e s  
+ f r i c t i o n a l  r e s i s t a n c e  o f  i n l e t  p i p i n g  
+ f r i c t i o n a l  r e s i s t a n c e  o f  o u t l e t  p i p i n g  
+ e x p a n s i o n  l o s s
(12) D r i v i n g  f o r c e
A Z * P
L
d r i v i n g  F o r c e   ---------------------, PS I  (B. 7)
14U.0
w h e re  :
AZ : h e i g h t  o f  l i q u i d  l e v e l  i n  co lu m n  a b o v e  r e b o i l e r
b o t to m  t u b e  s h e e t ,  FT.
p : d e n s i t y  o f  l i g u i d ,  LB /FT**3 .
L
(13) I f  t h e  d r i v i n g  f o r c e ,  s t e p  (12) d o e s  n o t  e g u a l  o r  
s l i g h t l y  e x c e e d  t h e  t o t a l  r e s i s t a n c e  i n  s t e p  ( 1 1 ) ,  t h e  
u n i t  s h o u l d  be r e b a l a n c e d .  F o r  c a s e  1, l o w e r  
r e c i r c u l a t i o n  r a t i o  w i l l  g i v e  l e s s  p r e s s u r e  d r o p .  For 
c a s e  2 ,  s h o r t e r  t u b e s  w i l l  g i v e  l e s s  p r e s s u r e  d r o p .
(1h) A f t e r  a p r e s s u r e  d r o p  b a l a n c e  h a s  been  o b t a i n e d  t o  +0.1  
t o  + 0 .2  p s i ,  c o m p u te  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  a s  
f o l l o w s  :
(a) S h e l l  s i d e  s As s u g g e s t e d  by Kern ( 1 9 5 0 ) ,  t h e
s t e a m  s i d e  h e a t  t r a n s f e r  c o e f f i c i e n t  c a n  b e  t a k e n
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t o  be  1500 BTO/FT* * 2 , HR,F f o r  t h e  d e s i g n  p u r p o s e .
(b) Tube s i d e  : d e t e r m i n e  h e a t  t r a n s f e r  c o e f f i c i e n t
f ro m  S i e d e r  a n d  T a t e  c o r r e l a t i o n  .  As s u g g e s t e d
by Ludwig ( 1 9 6 5 ) ,  i f  t h e  h c a l c u l a t e d  e x c e e d s
i
300 f o r  o r g a n i c s ,  u s e  v a l u e  o f  3 0 0 ,  and  
c o r r e c t  t o  o u t s i d e  c o e f f i c i e n t  h
i o
Gas  a n d  l i g u i d  h e a t  t r a n s f e r  i n s i d e  t u b e s  h a s  b ee n  
s t u d i e d  by S i e d e r  an d  T a t e  (19 36) and  i s  shown i n  
FIG 51 .  The e g u a t i o n s  r e p r e s e n t i n g  p o r t i o n  o f  t h e  
g r a p h  a r e  :
( b . 1) F o r  v i s c o u s  s t r e a m l i n e  f l o w  o f  o r g a n i c  l i g u i d s ,  
w a te r  s o l u t i o n s  ( n o t  w a t e r )  a n d  g a s e s  w i th  
R e y n o l d s  num ber  l e s s  t h a n  2100 i n  h o r i z o n t a l  o r  
v e r t i c a l  t u b e s  ( d e v i a t i o n  + 12 3) :
h K D
i  4i 2 / 3  a  2 / 3  i  1 /3  <u 0 . 1 4
   1. 86* ( ) * ( ) * (  ) * (  )
C*G D *G 4 l* C  1 «l
i  W
(B .8 )
(b .  2) For  t u r b u l e n t  f l o w  o f  v i s c o u s  f l u i d s  a s
o r g a n i c s  l i g u i d s ,  w a t e r  s o l u t i o n s  ( n o t  w a t e r )  and 
g a s e s  w i t h  R e y n o l d s  number  g r e a t e r  t h a n  1 0 ,0 0 0  i n  
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h |  ~ Inside Film C o e f f i c i e n t ,  B tu / (h r . ) ( sq . f t . ) ( l’F) 
h|0 = Inside Film Co e f f i c i e n t  R e f e r e n c e d  to t he  
Outs ide  A r e a ,  B t u / ( h r ) ( s q . f f . ) ( #F '
I D . :  Tub e  Ins ide D i a m e t e r , l n c h e s  
0 D =  T u b e  Out si de  D i o m e t e r , i n c h e s  
6  = Moss  V e l o c i t y ,  W / a t , l b , / (h r . ) l sq .  ft.)
C = S p e c i f i c  M e a t , B t u / l l b . ) ( * F )
k 0 * T h e r m a l  C o n d u c t i v i t y , Bfu/(hr . )( sq. f t . ) (8F/ft. )
a t  :  Flow A r e a  T h r o u g h  T u b e s  j s q .  ft.
L = L e n g t h  o f  F low P o f h , f t .
D = I n s i d e  D i a m e t e r  o f  T u b e s  , f t .
/ i s  V i s c o s i t y  a t  C a l o r i c  T e m p e r o t i ) r e , l b . / f t . ( h r . )  
fi9- Vi s c o s i t y  a t  T u b e  Wall T e m p e r a t u r e , l b . / f t . ( h r . )
= Weigh t  Flow o f  L i q u i d , l b . / h r .
N o t e :  C o r r e c t  h|  fo h|0 b y : h | 0 = hi
Viscosi ty in Cent ipoi se  x 2 . 4 2 = l b . / f l . ( h r . )
mvztss*
4 ,0 0 0 10,000 100,000,000 1,000,000
FIG 51* Tube S ide  H eat T r a n s f e r ,  S ie d e r  And T a te  C o r r e l a t i o n . 178
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h *D D *G
i  i  i  0 . 8  C**i 1 /3  >u 0 .1 4
-------------   o .  027*-(------- ) * (------) * (------)
k jq. k
a a  v
(B.9)
Where :
C : h e a t  c a p a c i t y  o f  f l u i d  a t  c o n s t a n t  p r e s s u r e ,  
BTU/LB,F.
G : f l u i d  mass  v e l o c i t y ,  LB/HR*FT**2 o f  t u b e  c r o s s
s e c t i o n a l  a r e a .
L : h e a t e d  s t r a i g h t  t u b e  l e n g t h ,  FT.
jq. : v i s c o s i t y  o f  f l u i d ,  LB/HE,FT.
D : i n s i d e  d i a m e t e r  o f  t h e  t u b e ,  FT. 
i
k : t h e r m a l  c o n d u c t i v i t y  o f  f l u i d  a t  a v e r a g e  b u lk  
a
t e m p e r a t u r e  o f  f l u i d ,  B T O /H R ,F T * * 2 / (F /F T ) .
h : f i l m  h e a t  t r a n s f e r  c o e f f i c i e n t  i n s i d e  t u b e ,  
i
BTO/HR,FT* * 2 , F .




(15) C a l c u l a t e  t h e  c l e a n  o v e r a l l  h e a t  t r a n s f e r  c o e f f i c i e n t  
by :
1
U    (B.  10)
C D D *LN (D /D )
o o o i  1
D ♦h 2*k h
i  i  o
w here  :
D : o u t s i d e  d i a m e t e r  o f  t h e  t u b e ,  FT. 
o
k : t h e r m a l  c o n d u c t i v i t y  o f  t h e  r e b o i l e r  t u b e  m e t a l ,  
BTU/HB,FT,F.
(16) C a l a u l a t e  t h e  r e s i s t a n c e  o f  f o u l i n g ,  R, r e q u i r e d  f o r
t h e  o p e r a t i o n  o f  r e b o i l e r .
0 -  U
C D
fi  ----------------  (B. 11)
0 * U
C D
(17) I f  t h i s  f o u l i n g  s e e m s  t o o  low f o r  t h e  s e r v i c e ,  t h e n  
t h e  u n i t  m us t  be  r e d e s i g n e d .
APPENDIX C
DESIGN PROCEDURES OF THE FORCED CIRCULATION REBOILER
A f o r c e d  c i r c u l a t i o n  r e b o i l e r  i s  shown i n  FIG 8 .  I n  
t h i s  s y s t e m ,  a c i r c u l a t i n g  pump i s  u s e d  t o  a s s u r e  t h e  
d e s i r e d  r e c i r c u l a t i o n  r a t i o  and  p r e v e n t  t h e  f o r m a t i o n  o f  
e x c e s s i v e  d e p o s i t -
The  s t r u c t u r e  o f  t h e  f o r c e d  c i r c u l a t i o n  r e b o i l e r  
d e s i g n e d  b y  t h i s  r e s e a r c h  h a s  o n e  s h e l l  and  o n e  t u b e  p a s s .  
T ube  l e n g t h ,  t u b e  o u t s i d e  d i a m e t e r ,  t u b e  BRG and t u b e  l a y o u t  
p i t c h  m us t  b e  p r o v i d e d  by t h e  u s e r .
D e s i g n  p r o c e d u r e s  a r e  s u m m a r i z e d  a s  f o l l o w s  :
(1) E v a l u a t e  t h e  h e a t  l o a d  C-
(2) E v a l u a t e  t h e  LMTD by a s s u m i n g  t h a t  t h e  r e b o i l e r  i s
u n d e r  i s o t h e r m a l  b o i l i n g .
(3) C a l c u l a t e  t h e  r e q u i r e d  s t e a m  mass  f lo w  r a t e .
(4) From t h e  i n p u t  d e s i g n  f l u x ,  c a l c u l a t e  t h e  h e a t
t r a n s f e r  a r e a  r e q u i r e d .  As s u g g e s t e d  by Kern ( 1 9 5 0 ) ,
t h e  maximum f l u x  f o r  t h e  o r g a n i c  m a t e r i a l s  i s  l i m i t e d  
t o  1 2 0 0 0 .0  BTU/HR,FT**2. E x p e r i e n c e  h a s  shown t h a t  a 
f l u x  o f  6000 t o  8000  i s  a good s t a r t i n g  v a l u e  f o r  t h e  
o r g a n i c s .
Q




(5) From t h e  t u b e  l e n g t h ,  t u b e  o u t s i d e  d i a m e t e r ,  t u b e  BWG, 
t u b e  l a y o u t  p i t c h ,  f i n d  t h e  t u b e  c o u n t  and  t h e  s h e l l  
s i z e  f rom  TABLE 13. I f  t h e  h e a t  t r a n s f e r  a r e a  i s  t o o  
b i g ,  r e b o i l e r s  i n  p a r a l l e l  w i l l  be a s s u m e d .
(6) E v a l u a t e  an  o p e r a t i n g  o v e r a l l  h e a t  t r a n s f e r  c o e f f i c i e n t .
Q
U = --------------- (C.2)
D A*LMTD
(7) From t h e  d e s i g n e d  r e c i r c u l a t i o n  r a t i o ,  e v a l u a t e  t h e  
t o t a l  e n t h a l p y  a t  t h e  c o lum n  b a s e ,  p o i n t  A i n  FIG 8 .
(8) S i n c e  f l a s h  o c c u r i n g  when f l u i d  p a s s e s  t h r o u g h  t h e
c o n t r o l  v a l v e  E i n  FIG 8 ,  i t  i s  a i s e n t h a l p i c
p r o c e s s  b e t w e e n  t h e  t u b e  b u n d l e  o u t l e t  o f  t h e  r e b o i l e r
and  t h e  c o lu m n  b a s e .  S i n c e  t h e  co lum n  b a s e ,  p o i n t  A,
c o n d i t i o n  i s  known from t h e  s t e a d y  s t a t e  d e s i g n ,  
t h e r e f o r e ;  t h e  v a p o r  c o m p o s i t i o n  a t  t h e  r e b o i l e r  t u b e  
b u n d l e  o u t l e t  c a n  b e  b a c k  c a l c u l a t e d .
(9) C a l c u l a t e  t h e  f l u i d  mean d e n s i t y  a t  t h e  o u t l e t  o f  t h e  
r e b o i l e r  t u b e  b u n d l e .
(10) S t a t i c  p r e s s u r e  o f  t h e  r e b o i l e r  l e g  
( e q u a t i o n  B .3 )
(11)  C a l c u l a t e  t h e  i n l e t  an d  o u t l e t  p i p i n g  f r i c t i o n a l  
r e s i s t a n c e  t o  f l o w .
(a) The i n l e t  p i p i n g  f r i c t i o n  l o s s  i s  c a l c u l a t e d  b a s e d  
on t h e  e q u i v a l e n t  l e n g t h  o f  100 f e e t  o f  p i p i n g ,
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t h r e e  f u l l y  o p e n e d  g a t e  v a l v e s ,  o n e  s w i n g  c h e c k  
v a l v e  and  tw o  90 d e g r e e  l o n g  sweep e l b o w s .  As 
shown i n  FIG 8 .  The f l u i d  v e l o c i t y  i n  t h e  p i p i n g  
i s  a s su m e d  t o  be  6 FT/SEC.
(b) The o u t l e t  p i p i n g  f r i c t i o n  l o s s  i s  c a l c u l a t e d  
b a s e d  on t h e  e q u i v a l e n t  l e n g t h  of  100 f e e t  o f  
p i p i n g ,  o n e  g l o b e  v a l v e ,  one c o n t r o l  v a l v e ,  two 90 
d e g r e e  l o n g  s w i n g  e l b o w s ,  two g a t e  v a l v e s  and  two 
t e e s .  As shown i n  FIG 8- The f l u i d  v e l o c i t y  i n  
t h e  p i p i n g  i s  a s su m e d  t o  be  6 FT/SEC.
(c) F r i c t i o n  r e s i s t a n c e  t o  f lo w  i n s i d e  t u b e s  
( e q u a t i o n  3 - h )
(12) S t a t i c  p r e s s u r e  d r i v i n g  f o r c e  
( e q u a t i o n  3 .7 )
(13) C a l c u l a t e  t h e  pump h o r s e p o w e r  f rom  t h e  m e c h a n i c a l  
e n e r g y  b a l a n c e .
M e c h a n i c a l  e n e r g y  b a l a n c e  :
g
A P  ♦ ----------
g
1
p *dZ ♦ ----*
g
9 iP*V ♦dv ♦ P  *W + p*dF = 0
L L L g s  J
c  c  c
( C . 3 )
The k i n e t i c  e n e r g y  i n  t h i s  c a s e  can  be  n e g l e c t e d .  
R e f e r  t o  FIG 8 ,  t h e  m e c h a n i c a l  e n e r g y  e q u a t i o n  c a n  
be  r e - w r i t t e n  t o  be :
184
(P - P  ) ♦
D A
p  *dF + [ p  *dF + --------*
BC j CD g
c
g g
+ -------------*  p  * (H -H ) -  p  * ------------ * w  =  o
g L B A g s
c  c
p  * d Z  
C TB
(C.4)
w h e re  :
P - P  : p r e s s u r e  d i f f e r e n c e  b e tw e e n  p o i n t  D and  p o i n t  
D A
A, P S I .  The p r e s s u r e  d r o p  t h r o u g h  t h e  c o n t r o l  
v a l v e  E and  t h e  f r i c t i o n  l o s s  by p i p i n g ,  
p *dF : f r i c t i o n  l o s s  by p i p i n g  i n  s e c t i o n  BC.
BC





p *dZ : s t a t i c  p r e s s u r e  o f  t h e  r e b o i l e r  l e g .  
TB
C C
 * p  * (H - H ) :  s t a t i c  p r e s s u r e  o f  t h e  r e b o i l e r  l e g ,
g L B A
p * W : pump s h a f t  w ork .
g S 
c
(14) Compute  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  
( e g u a t i o n  B .8  o r  B .9 ) .
(15)  C a l c u l a t e  t h e  c l e a n  o v e r a l l  h e a t  t r a n s f e r  c o e f f i c i e n t ,  
( e g u a t i o n  B . 1 0 ) .
(16) C a l a u l a t e  t h e  r e s i s t a n c e  o f  f o u l i n g ,  R, r e g u i r e d  f o r  
t h e  o p e r a t i o n  o f  r e b o i l e r .
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(17)
( e q u a t i o n  B. 11) .
I f  t h i s  f o u l i n g  s e e o s  t o o  low f o r  t h e  s e r v i c e ,  t h e n  
t h e  u n i t  m u s t  be  r e d e s i g n e d .
APPENDIX D
DESIGN PROCEDOBES OF THE KETTLE REBOILER
A k e t t l e  r e b o i l e r  i s  shown i n  FIG 7 .  T h e  k e t t l e  u n i t  
u s e d  i n  r e b o i l i n g  s e r v i c e  u s u a l l y  h a s  a n  i n t e r n a l  w e i r  t o  
m a i n t a i n  a f i x e d  l i q u i d  l e v e l  and  t u b e  c o v e r a g e .  The 
r e s i d u e  d r a w o f f  i s  f ro m  t h e  w e i r  s e c t i o n .  I n  t h i s  
r e s e a r c h ,  t h e  O - t u b e  k e t t l e  r e b o i l e r  i s  d e s i g n e d  b y  t h e  
f o l l o w i n g  p r o c e d u r e s  : (1) E v a l u a t e  t h e  h e a t  l o a d  Q. (2)
E v a l u a t e  t h e  LHTD by a s s u m i n g  t h e  r e b o i l e r  i s  u n d e r  
i s o t h e r m a l  b o i l i n g .
(3) C a l c u l a t e  t h e  s t e a m  m ass  f lo w  r a t e .
(4) From t h e  i n p u t  d e s i g n  f l u x ,  c a l c u l a t e  t h e  a p p r o x i m a t e  
h e a t  t r a n s f e r  a r e a  r e g u i r e d .
Q
A  ----------- (D. 1)
FLUX
(5) From t h e  i n p u t  d e s i g n  t u b e  l e n g t h ,  t u b e  o u t s i d e  
d i a m e t e r ,  BWG, p i t c h  l a y o u t  a n d  t u b e  p a s s e s ,  e s t i m a t e  
a u n i t  s i z e  (num ber  o f  t u b e s ,  s i z e  of  s h e l l ,  e t c ) .  I f  
t h e  h e a t  t r a n s f e r  a r e a  i s  t o o  b i g ,  r e b o i l e r s  i n  
p a r a l l e l  w i l l  be a s s u m e d .  As p o i n t e d  o u t  b y  E .  E. 
L u d v ig  ( 1 9 6 5 ) ,  o n e  p r o b le m  i n  t h e  d e s i g n i n g  o f  U - t u b e  
h e a t  e x c h a n g e r  a r e a  i s  t o  d e t e r m i n e  t h e  e f f e c t i v e
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l e n g t h  o f  t h e  t u b e s .  The e f f e c t i v e  t u b e  l e n g t h  o f  t h e  
t u b e  b u n d l e  i s  t h e  mean o f  t h e  t u b e  l e n g t h s  b e tw e e n  
t h e  o u t s i d e  t u b e s  a n d  t h e  i n s i d e  t u b e s  a s  shown i n  
FIG 52-  F o r  e x a m p l e ,  when U - t u b e  b u n d l e  a r e  
f a b r i c a t e d  f ro m  n o m i n a l  t u b e  l e n g t h  12 f t  t u b e s ,  t h e  
maximum t u b e  l e n g t h  i n  t h e  b u n d l e  i s  12 f t ,  t h e  i n s i d e  
t u b e  i s  t h e  s h o r t e s t  an d  l e s s  t h a n  12 f t  i n  l e n g t h .  A 
C h a r t ,  FIG 5 4 ,  o f  t u b e  e f f e c t i v e  l e n g t h  . v s .  num ber  o f  
t u b e s  i s  p r e p a r e d  by E.  E .  Ludwig  (1965) t o  a v o i d  
t e d i o u s  c a l c u l a t i o n .  The v a l u e s  r e a d  f rom t h i s  c h a r t  
a r e  n o t  m ore  t h a n  1£ l o w e r  t h a n  t h e  d e t a i l e d  
c a l c u l a t e d  v a l u e s ,  e x c e p t  w here  t h e  c u r v e s  a r e  
e x t r a p o l a t e d  t o  l o w e r  t u b e  c o u n t .  The b a s i s  f o r  t h e  
c h a r t  p r e p a r a t i o n  a n d  t h e  c o r r e l a t i o n s  u s e d  i n  t h i s  
r e s e a r c h  a r e  s u m m a r i z e d  i n  TABLE 14. T h e r e f o r e ;  
t o t a l  e f f e c t i v e  b u n d l e  o u t s i d e  s u r f a c e  a r e a  
= ( e f f e c t i v e  l e n g t h ,  FT) * (number o f  t u b e s )
♦ ( t u b e  o u t s i d e  s u r f a c e  a r e a  p e r  f o o t  o f  l e n g t h )
(6) As s u g g e s t e d  by K e r n ,  t h e  s t e a m  s i d e  ( t u b e  s i d e )  h e a t  
t r a n s f e r  c o e f f i c i c e n t  c a n  b e  t a k e n  t o  be  1500 
BTU/HR,F,FT**2 f o r  t h e  d e s i g n  p u r p o s e .
(7) From t h e  L e v y ' s  c o r r e l a t i o n ,
(a) E v a l u a t e  t h e  t u b e  w a l l  t e m p e r a t u r e .
(b) D e t e r m i n e  t h e  s h e l l  s i d e  c o e f f i c i e n t .
Levy (1958)  p r e s e n t e d  a  c o r r e l a t i o n  s h o w i n g  good
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(1) E .L .
(2) E .L .
(3) E .L .
(4) E .L .
(5) E .L .
(6) E .L .
(7) E .L .
(8) E-L.
(9) E .L .
(10) E.L 
Where :
TABLE ( 14) .
E f f e c t i v e  L e n g t h  Of 0 - t u b e s
2
= 31 .50241245-(Q .00811674*N T U BE )+(5 .35E -6*H T U BE )
2
= 3 1 . 4 8 4 5 3 1 2 7 -  ( 0 .0 0 7 7  1423* NTtJ BE) +{1 .  137E-5*NTUBE )
2
= 2 3 . 5 9 7 7 1 2 7 8 - ( 0 . 0 1 045344*NTOBE)+ ( 1 . 824E-5*NTUBE )
3
-  (2.0E-8*NTtJBE )
2
= 2 3 . 4 8 4 5 3 1 2 7 - (0.0Q771423*NTUBE)+ (1 . 137E-5* NTOBE )
3
-  (1.E-8*NTUBE )
2
= 15. 597712 7 8 - (0 .0 1 0 4 5 3 4 4 * N T D B E )+ (1  .824E-5*NTUBE )
3
-  (2 .  E-8*NT0BE )
2
= 1 5 . 4 8 4 0 1 3 3 9 -  (0.00773832*NTUBE) + ( 1 .  178E-5*NT0BE )
3
-  ( 1 . E-8*NTUBE )
2
= 11.  52 1 3 8 6 4 7 -  (0.00842008*NTUBE) + ( 6 .  E-6*NTtJBE )
2
= 1 1 .4 8 4 0 1 3 3  9 - ( 0 . 00773 832 *NTOBE)+(1. 1178E-5*NTUBE )
3
-  (1 .  E-8*NT0BE )
2
= 7 . 5 8 9 8 1 5 6 5 - ( 0 . 0099268*NTOBE)+ ( 1 . 1E-5*NTUBE )
2
.=  7 . 4 8 0 0 4 5 2 1 - (0 .00742572*N T 0B E )+ ( 8 .  38E-6*HTUBE )
E . L .  = e f f e c t i v e  t u b e  l e n g t h ,  FT. 
NTOBE = num ber  o f  U - t u b e s .
B a s i s  f o r  t h e  U - t u b e .
,  , ---------------------------------------------
| Tube 0 . D. | Hinimum R a d i u s  Bend
I -------------
1 3 /4  "
, ----------------
, ----------------------------------------
| 1 . 5  Tube  D i a m e t e r
P i t c h
----------------------------------------
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a g r e e n e n t  f o r  p o o l  b o i l i n g  and  n u c l e a t e  b o i l i n g  h e a t
t r a n s f e r  f l u x  (Q/A) b e lo w  t h e  c r i t i c a l  d e l t a  t  f o r
s u b c o o l e d  an d  v a p o r  c o n t a i n i n g  l i q u i d s .  T h i s  c o v e r s
t h e  p r e s s u r e  r a n g e  o f  s u b -  and  a b o v e -  a t m o s p h e r i c  and
i s  o b t a i n e d  f o r  i n s i d e  an d  o u t s i d e  t u b e  b o i l i n g .
2 3
k *C * p * (  AT) * (1-x)
Q I L L
 = ------------------------------------------------------------   (Do 2)
A 5 * T * ( p  -  p ) * B
S 1 V L
w h e re  :
X : v a p o r  g u a l i t y  o f  f l u i d ,  z e r o  f o r  p o o l  t o i l i n g .
k : t h e r m a l  c o n d u c t i v i t y  o f  s a t u r a t e d  l i q u i d ,
L
BTtf/HR,F ,FT.
C : s p e c i f i c  h e a t  o f  l i q u i d ,  BTU/LB,F.
L
p : l i q u i d  d e n s i t y ,  LB /FT**3 .
L
p : v a p o r  d e n s i t y ,  LB /F T **3 .
V
6 : s u r f a c e  t e n s i o n  o f  l i q u i d ,  BT0/FT**2.
AT : t e m p e r a t u r e  d i f f e r e n c e ,  T -  T ,  B
W S
T : s a t u r a t i o n  t e m p e r a t u r e  o f  l i q u i d ,  R
S
h : l a t e n t  h e a t  o f  v a p o r i z a t i o n ,  BTD/LB.
f g
B :  r e f e r  t o  FIG 5 3 .  I t  c a n  b e  c a l c u l a t e d  a s
L
f o l l o w s .
The c u r v e  c o r r e l a t e d  i s  a s  f o l l o w s  :
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X=LOG< p  * h )
V f g
2
Y = - 4 . 3 8 5 4 1 4 0 8  + ( 1 4 . 5 0 4 7 4 94*x) -  ( 1 3 .7 7 7 6 0 1 3 7 * x  )
3 4 5
♦ (6 .  11743947*X ) -  ( 1 . 2 1 165551*X ) ♦ ( 0 . 0 8 6  14632*X )
1.E6 Y
-------------= 10 (D. 3)
B
L
(8) C a l c u l a t e  t h e  r e g u i r e d  a r e a ,  b a s e d  on f i l m  c o e f f i c i e n t  
o f  s t e p  (6) an d  (7) t o g e t h e r  w i t h  f o u l i n g  and  t u b e  w a l l  
r e s i s t a n c e .
Q
A  --------------- (D. 4)
a * At
(9) I f  t h e  a p p r o x i m a t e d  u n i t  d o e s  n o t  h a v e  s u f f i c i e n t
a r e a ,  s e l e c t  a l a r g e  s i z e  u n i t ,  an d  r e p e a t  t h e  a b o v e  
p r o c e d u r e  u n t i l  t h e  a p p r o x i m a t e d  u n i t  i s  s a t i s f a c t o r y .
APPENDIX E
DESIGN PROCEDURES OF 
THE TOTAL CONDENSER OB THE PARTIAL CONDENSER
The d e s i g n  p r o c e d u r e s  f o r  e i t h e r  t h e  t o t a l  c o n d e n s e r  o r  
p a r t i a l  c o n d e n s e r  a r e  s u m m a r iz e d  a s  f o l l o w s  :
(1) E s t a b l i s h  t h e  p h y s i c a l  p r o p e r t i e s  of  p r o c e s s  f l u i d  a t  
t h e  a v e r a g e  o f  p r o c e s s  i n l e t  a n d  o u t l e t  t e m p e r a t u r e ,  
s h e l l  s i d e .
(2) S e t  an  a l l o w a b l e  t e m p e r a t u r e  r i s e  f o r  c o o l a n t ,  ( i n p u t  
d a t a  o f  t h e  d e s i g n  p r o g r a m ) .  C o o l a n t  i s  a s su m ed  t o  be 
i n  l i q u i d  p h a s e  a t  b o t h  t h e  i n l e t  an d  o u t l e t  o f  t h e  
t u b e  b u n d l e .
(3) E s t a b l i s h  t h e  p h y s i c a l  p r o p e r t i e s  o f  c o o l a n t  a t  t h e  
a v e r a g e  o f  c o o l a n t  i n l e t  an d  o u t l e t  t e m p e r a t u r e ,  t u b e  
s i d e .
(h) (a) D e t e r m i n e  t h e  t e m p e r a t u r e  r a n g e  o f  c o n d e n s a t i o n .
(b) Compute t h e  c o n d e n s i n g  c u r v e .
(c) Compute t h e  w e i g h t e d  t e m p e r a t u r e .
(d) C a l c u l a t e  t h e  h e a t  l o a d  o f  c o n d e n s a t i o n .
(5) C a l c u l a t e  t h e  c o o l a n t  r a t e ,  W.
Q
V  --------------- ,  LBS/HR (E.1)




w h e re  :
Q : BTU/HR, h e a t  l o a d  o£ c o n d e n s a t i o n
At : t e m p e r a t u r e  r i s e  i n  w a t e r ,  F
C h e a t  c a p a c i t y  o f  c o o l a n t ,  BTU/LB,F
P
(6) E s t i m a t e  number  o f  t u b e s  p e r  p a s s  t o  m a i n t a i n  minimum
c o o l a n t  v e l o c i t y .
(a) S e t  minimum c o o l a n t  v e l o c i t y  i n  t u b e s  a t  3 . 5 - 6 . 0  
FT/SEC.
(b) C a l c u l a t e  t h e  n e c e s s a r y  t o t a l  c r o s s  s e c t i o n a l  a r e a  
f o r  t h e  c o o l a n t  f l o w .
(c) From t h e  i n p u t  t u b e  o u t s i d e  d i a m e t e r ,  t u b e  BWG, 
c a l c u l a t e  t h e  f l o w  a r e a  p e r  t u b e .
(d) E s t i m a t e  t h e  number  o f  t u b e s  p e r  p a s s .
(7) Assume a u n i t
(a) E s t i m a t e  o v e r a l l  h e a t  t r a n s f e r  c o e f f i c i e n t  0.  F o r  
t h e  f i r s t  i t e r a t i o n ,  U i s  t h e  i n p u t  d a t a .  A f t e r  
t h e  f i r s t  i t e r a t i o n ,  U i s  a d j u s t e d  b y  s t e p  (k) .
(b) E s t i m a t e  h e a t  t r a n s f e r  a r e a ,  A
Q
A (E.2)
0 * ( w e i g t e d  T)
(c) T o t a l  t u b e  f o o t a g e  r e q u i r e d ,  FTL
A
FTL (E.3)
s q .  f t  t u b e  o u t s i d e  s u r f a c e
( )
f t  o f  t u b e  l e n g t h
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(d) Number o£ t u b e  p a s s e s
FTL
(E.4)
( t u b e s  p e r  p a s s )  * ( t u b e  l e n g t h )
I f  t h i s  v a l u e  i s  n o t  r e a s o n a b l e ,  r e - a s s u m e  t h e  t u b e  
l e n g t h ,  a n d / o r  t h e  s i z e  o f  t h e  t u b e s .  I f  n e c e s s a r y ,  
c o n d e n s e r s  i n  p a r a l l e l  w i l l  be  a s s u m e d .
(e) From TABLE 13 ,  p i c k  a n  e x c h a n g e r  s h e l l  d i a m e t e r  
w h ich  c l o s e l y  c o n t a i n s  t h e  r e q u i r e d  num ber  o f  t u b e s  
a t  t h e  r e q u i r e d  number  o f  t u b e  p a s s e s .
( f )  From t h e  a c t u a l  t u b e  c o u n t  s e l e c t e d ,  e s t a b l i s h  t h e  
a c t u a l  num ber  o f  t u b e s / p a s s .
(g) R e - a d j u s t  t h e  f l o w  a r e a  p e r  p a s s .
(h) C a l c u l a t e  c o o l a n t  v e l o c i t y  i n  t u b e s  a g a i n .
( i )  C a l c u l a t e  t h e  f i l m  c o e f f i c i e n t  t u b e  s i d e ,  h .
i
( e q u a t i o n  B.8 o r  B. 9 ) .
( j )  C a l c u l a t e  t h e  f i l m  c o e f f i c i e n t  s h e l l  s i d e ,  h .
o
( j .  1) V e r t i c a l  t u b e  b u n d l e
4* g '
0




K * p *g
3 2
k *p *g*TT*D 
f  f  0 1 /3f  F 1 / 3
h = 0 . 9 4 5 *  ( -------------------) = 0 .9 4 5 *  (






G'  ---------------- ,  LB/HR, l i n e a r  f o o t  (E. 5)
0 it *N *D 
t  0
4 * g '
0




K * P *g 
f  f  1 /3  4 . 0*W 0 . 4
h =0 .  0077* (-------------------- ) * (----------------- )
cm 2 a x  * tt*D
AX f  0 (E. 6)
f
u s u a l l y  a p p l i c a b l e  t o  l o n g  t u b e s  a n d  h i g h  f l o w
r a t e s ,  a v e r a g e  f i l m  c o e f f i c i e n t .
( j . 2 )  H o r i z o n t a l  t u b e  b u n d l e ,  Ludv ig  ( 1 9 6 5 ) .
4* g"
0
F o r  < 2100
u
f
3 2 3 2 2 / 3
K * p *g K * p *g*L*N
f  F 1 /3  f  f  t  1 /3
h = 0 . 9 4 5 *  (-------------------) = 0 .  945* (---------------------------)
cm ai *G* ax *W
f  0 f
W
G   ,  LB/HR, l i n e a r  f o o t  ( E . 7)
0 2 / 3
L*N
t
w here  :
h : a v e r a g e  v a l u e  o f  c o n d e n s i n g  f i l m  c o e f f i c i e n t ,  
cm
B T O /h r ,F T * * 2 ,F .
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K : t h e r m a l  c o n d u c t i v i t y  a t  f i l m  t e m p e r a t u r e ,
f
BTU/HR,FT,F.
P : d e n s i t y ,  LB/FT**3,  a t  f i l a  t e m p e r a t u r e  T .
f  f
g : a c c e l e r a t i o n  o f  g r a v i t y ,  FT/HR**2.
-a : v i s c o s i t y  a t  f i l a ,  LB/FT,HR.
f
W : p r o c e s s  f lo w  r a t e ,  LB/HR.
D : o u t s i d e  d i a m e t e r  o f  t u b e s ,  FT.
0
N : t o t a l  number  o f  t u b e s  i n  b u n d l e  u s e d  f o r
t
c o n d e n s a t i o n .
L : t u b e  l e n g t h ,  FT.
(k) C a l c u l a t e  t h e  o v e r a l l  h e a t  t r a n s f e r  c e f f i c i e n t .  
BTU/HR, F T * * 2 ,F .
1
0    --------------------------------
D *LN (D /D )
1 1 o o i
— -— ♦ r  ♦ r  +  -------+ -----------------------
h o i o  h 2*k
o i o  (E.8)
where  :
h : h * ( t u b e  I . D . ) / ( t u b e  O .D .)
i o  i
k : t h e r m a l  c o n d u c t i v i t y  o f  t h e  c o n d e n s e r  t u b e
m e t a l ,  BTU/HR,FT,F.
r  : s h e l l  s i d e  f o u l i n g  f a c t o r ,
o
r  : t u b e  s i d e  f o u l i n g  f a c t o r ,
i o
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(1) Area  r e q u i r e d .
Q
A  ------------------------------ ,  FT **2 (E.9)
0* ( w e i g h t e d  T)
(m) C o m p are d ,  an d  i f  t h e  a v a i l a b l e  a r e a  i s  e q u a l  t o  o r  
l a r g e r  t h a n  t h e  r e q u i r e d  a r e a ,  t h e  s e l e c t  u n i t  w i l l  
p e r f o r m  s a t i s f a c t o r i l y .  I f  t h e  r e q u i r e d  a r e a  i s  
g r e a t e r  t h a n  t h e  a v a i l a b l e  a r e a ,  s e l e c t  a new u n i t  
w i t h  more t u b e s ,  l o n g e r  t u b e s ,  l a r g e r  d i a m e t e r  t u b e s  
o r  some c o m b i n a t i o n  a n d  r e t u r n  t o  ( 7 . a ) .
APPENDIX F
DESIGN OF THE REFLUX DRUfl
F o r  p a r t i a l  c o n d e n s e r ' s  r e f l u x  d ru m ,  i n  t h e  v a p o r ,  t h e  
d r o p l e t  s e p e r a t i o n  i s  a t t a i n e d  by l i m i t i n g  v a p o r  v e l o c i t y  
w h ic h  c an  be  c a l c u l a t e d  by N e w t o n ' s  law .
w here  :
P : l i g u i d  d e n s i t y ,  L B /F T * * 3 ,  a t  d e s i g n  c o n d i t i o n .
L
p : v a p o r  d e n s i t y ,  LB/FT**3,  a t  d e s i g n  c o n d i t i o n .
V
v : v a p o r  v e l o c i t y ,  FT/SEC.
K : v e l o c i t y  c o n s t a n t ,
(1) 0 - 1 3  FT/SEC f o r  h o r i z o n t a l  v e s s e l .
(2) 0 .  26 FT/SEC f o r  h o r i z o n t a l  v e s s e l  h a v i n g  
a w i r e - m e s h  d e m i s t e r .
The  c r o s s  s e c t i o n  o f  t h e  r e f l u x  drum i s  shown a s  FIG 9 .  
I f  no  s e c o n d  l i q u i d  p h a s e  i s  t o  be  s e t t l e d ,  11 i s  s i t u a t e d
a b o v e  v e s s e l  b o t t o m  a t  a d i s t a n c e  D-hL e q u a l  t o  10% o f  t h e
drum d i a m t e r .  I f  p o s s i b l e ,  t h i s  d i s t a n c e  s h o u l d  be g r e a t e r  
t h a n  5 i n c h e s .  T h i s  c i r c u l a r  s e g m e n t  o f  h e i g h t  10% o f  t h e
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d i a m e t e r  h a s  a n  a r e a  e q u a l  t o  556 o f  t h e  t o t a l  v e s s e l  c r o s s
s e c t i o n a l  a r e a .  I f  v e  d e f i n e  x a s  t h e  p e r c e n t  o f  t h e  drum
L
c r o s s  s e c t i o n a l  a r e a  o c c u p i e d  by t h e  l i q u i d  a t  i t s  Lh an d
c a l l i n g  x t h e  minimum f r e e ,  v a p o r  p a s s a g e  a r e a  a b o v e  t h e
V
Lh,  e x p r e s s e d  a s  p e r c e n t  o f  t h e  d ru m ’ s  c r o s s  s e c t i o n a l  
a r e a ;  t h e n ,
x ♦ x = 9 5 . 0  (F .2 )
V L
I f  t h e  h e a d e r  vo lum e  i s  n e g l e c t e d ;  t h e n ,  
v a p o r  v e l o c i t y  V
H /  (3 6 0 0 *  p )
V V
 ----------------------------------, FT/SEC (F. 3)
2
(x / 1 0 0 )  /U)
7
h o l d i n g  t i m e  o f  l i q u i d  t
2
(x  / 1 0 0 )  * L * ( tt*D / h )
L
= ---------------------------------------- , MIN (F .4 )
M / (6 0 * P  )
L L
w h e re  :
D j r e f l u x  drum o u t s i d e  d i a m e t e r ,  FT.
L : r e f l u x  drum l e n g t h ,  FT.
H : l i q u i d  f l o w  r a t e ,  LB/HR.
L
H : v a p o r  f l o w  r a t e ,  LB/HR.
7
t  : t  .
s
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Combine e q u a t i o n  ( F .3 )  a n d  (F-4)  and  r e a r r a n g e ,
x L*H * P
V V L
X V*t*H * p  *60
L L V
S u b s t i t u t e  eg  a t i o n  ( F .  1) i n t o  t h e  ab o v e  e x p r e s s i o n  :
(F .6 )





w h e re  a= (p /  p )
L V
Combine e g u a t i o n  ( F .2 )  w i t h  e q u a t i o n  ( F . 6 ) ,
x 60*t*K*M
V L
L = (---------------) * ( -------------------- ) (F .7 )
9 5 - x  a*M
V  V
S o l v e  e g .  ( F . 4) f o r  I ,  an d  c o m b in e  w i t h  e g .  ( F . 7 ) .
M *a  
V 1 / 2  1
D = 0 .  188* ( ---------- ) * ( ) ,  FT ( F • 8)
K* p  /X
I  V V
Combine e g u a t i o n  ( F .7 )  a n d  (F«8) by e l i m i n a t i n g  x .
V
2 2
9 5 . 0*K*L*p *D - 0 . 1 8 8  *(a*H *L*60*t*K*H ) = 0 (F .9 )
L v L
The  d i m e n s i o n s  o f  t h e  v e s s e l  a r e  s e t  b y  e c o n o m ic
c r i t e r i a ,  a  good a p p r o x i m a t i o n  m i g h t  be  t h e  minimum v e s s e l
w e i g h t ,  w i t h  a  c o r r e c t i o n  f a c t o r  f o r  t h e  h e a d s ,  a  t y p i c a l
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f o r m u l a  f o r  v e s s e l  w i t h  2 :1  e l l i p t i c a l  h e a d  i s ,
P 4 3
(------------------ ) *D + 0 .  083*0 -  0- 0905*V = 0 (F .  10)
2*S*E -  P
v h e r e  :
V : v e s s e l  v o lu m e ,  GAL.
P : d e s i g n  p r e s s u r e ,  PSIG .
S : a l l o w a b l e  s t r e s s  o f  t h e  s h e l l  m a t e r i a l ,  PS I .
E : j o i n t  e f f i c i e n c y ,  l e s s  t h a n  1.
For  a  ( 2 :1 )  e l l i p s o i d a l  h e a d s  c y l i n d r i c a l  v e s s e l  :
2
V = 7 .4 8 * ( tt*D / 4 )  * (L + ( D / 3 ) ) ,  GAL (F- 11)
C o m b in in g  e q u a t i o n  (F. 10) w i t h  (F. 11) by  e l i m i n a t i n g  V.
2
P*D
L  ------------------------ -—  ♦ 1. 227*D, FT (F .1 2 )
0 . 0 5 3 *  (2*S*E-P)
E q u a t i o n  ( F .9 )  an d  e q u a t i o n  (F. 12) a r e  tw o  n o n l i n e a r  
e q u a t i o n s  w i t h  tw o  unknow ns  L an d  D. N e w t o n ' s  method i s
u s e d  i n  t h i s  r e s e a r c h  t o  s o l v e  t h e  L an d  D. Then t h e  L and
D a r e  r o u n d e d  o f f  t o  t h e  n e x t  c o m m e r c i a l  s i z e .
S i n c e  t h e r e  i s  no v a p o r  s t r e a m  f o r  t h e  r e f l u x  drum o f  
t o t a l  c o n d e n s e r ;  t h e r e f o r e ,  o n l y  t h e  l i q u i d  s u r g e  t i m e ,  
i . e . ,  t h e  l i q u i d  h o l d u p  t i m e  b e tw e e n  Lh an d  L l ,  s h o u l d  be  
c o n c e r n e d .  T he  r e f l u x  drum volum e b e t w e e n  hfl (205? D) an d  
D-hL (1051 D) i n  FIG 9 i s  ,
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2
Vh = 0 . 2 0 1 4  * ir * 1  * D (F .  13)
w h e r e  vh  i s  t h e  l i q u i d  h o l d u p  f o r  t h e  c o r r e s p o n d i n g  l i g u i d  
s u r g e  t i n e  s u g g e s t e d  b y  S i g a l e s  i n  TABLE 1.  E g u a t i o n  
(F• 12) a n d  e g u a t i o n  (F. 13) a r e  s t i l l  two  n o n l i n e a r  
e q u a t i o n s  w i t h  tw o  unknow ns  L a n d  D. N e v t o n * s  method i s  
u s e d  t o  s o l v e  f o r  L a n d  0 .  T h e n ,  t h e  L and  D a r e  ro u n d e d  
o f f  t o  t h e  n e x t  c o m m e r c i a l  s i z e .
APPENDIX 6
PE5ISN OF THE TBAY COLUMN
The d e s i g n  o f  i n d i v i d u a l  t r a y s  and  t r a y  c o lum n  u s e d  i n  
t h i s  r e s e a r c h  i s  b a s e d  on  t h e  work p u b l i s h e d  by Ec onom opoulos  
(1978)  .
T r ay  H y d r a u l i c s
The s t e a d y  s t a t e  t r a y  h y d r a u l i c s  a r e  d e s c r i b e d  a s  
f o l l o w s  :
(1) d r y  t r a y  p r e s s u r e  d r o p ,  h .
d
Hughmark and  O • C o n n e l l  (1957) u s e d  t h e  o r i f i c e  e g u a t i o n
t o  e s t i m a t e  t h e  d ry  t r a y  p r e s s u r e  d r o p .
V P A
0 . 1 8 6  CFS 2 V f  h 2)
h  -------------(-------------)------(---- ) | 1-  (-------) | (G. 1)
d 2 A p I A ]
C h L a
0
w here  C i s  t h e  o r i f i c e  c o e f f i c i e n t ,  d e f i n e d  by :
0
d d d
h h 2 h 3
8 8 0 . 6  -  6 7 . 7  (------- ) * 7 .  32 (------- ) -  0 . 3 3 8 -(------- )
t  t  t
d d d





(2) s u r f a c e  t e n s i o n  h e a d ,  h .
<5
The s u r f a c e  t e n s i o n  h e a d  i s  d e f i n e d  a s  t h e  n e c e s s a r y  
p r e s s u r e  t o  fo rm  a  v a p o r  b u b b l e  t h r o u g h  t h e  t r a y  h o l e  
an d  i s  g i v e n  by  :
h = 0 . 0 4 * 0 /  (p *d ) (G.3)
(5 L h
(3) l i q u i d  c r e s t  o v e r  w e i r ,  h
ov
The l i q u i d  c r e s t  o v e r  t h e  v e i r  can  be e s t i m a t e d  by t h e  
F r a n c i s  v e i r  f o r m u l a  :
2 / 3
h = 0 .0 9 2 * F * ( L  / 0  ) (G.4)
ov  GPU L
t h e  c o r r e c t i o n  f a c t o r ,  F ,  f o r  m u l t i p a s s  t r a y s  c a n  be
a ssu m ed  t o  be  1 . 0 .
(4) c l e a r  l i q u i d  h e i g h t ,  h .
1
F a i r  (196  3) c o r r e l a t e d  t h e  e f f e c t i v e  l i q u i d  head  t o  t h e
o p e r a t i n g  l i q u i d  s e a l  a t  t h e  t r a y  o u t l e t  v e i r  (h +h )
v ov
by means o f  an a e r a t i o n  f a c t o r .
h = $(h ♦ h ) (G.5)
1 v ov
t h e  g f a c t o r  i s  e s t i m a t e d  a s  a  f u n c t i o n  o f  a  v a p o r
k i n e t i c  e n e r g y  p a r a m e t e r ,  F
s
0 . 5
F = (V /  A ) * ( p ) (G.6)
s  CFS a V
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t h e  3 i s  c o r r e l a t e d  a s  f o l l o w s  :
2 3
3 = 0 . 9 7 7  -  0 . 6 1 9 * ?  ♦ 0 . 3 4 1 * ( F  ) -  0 . 0 6 3 6 * ( F  )
s  s  s
(G.7)
(5) h e a d  l o s s  u n d e r  t h e  d o v n c o m e r ,  h
ud
The l i q u i d  h e a d  l o s s  f o r  f l o w  u n d e r  t h e  downcomer  a p r o n  
i s  c a l c u l a t e d  b y  :
1
GPM 2
h = 0 . 5 5 8  (-------------------) (G.8)
Ud 4 4 8 . 8*A
ud
Norm al  c o n s t r u c t i o n  p r a c t i c e  y i e l d s  a p p r o x i m a t e l y  :
A = 0 . 4 2  * A (G .9)
ud d
Des i g n  Of A S i n g l e  T r a y
To o b t a i n  t h e  n e c e s s a r y  t r a y  s i z e ,  t h e  f o l l o w i n g  
f a c t o r s  s h o u l d  b e  c o n s i d e r e d  : number  o f  f lo w  p a s s e s ;  w e i r  
l e n g t h ;  f lo w  p a t h  l e n g t h  and  w i d t h  o f  f l o w  p a t h ;  downcomer 
a r e a ;  a c t i v e  a r e a ;  t r a y  s p a c i n g ;  t r a y  f l o o d  f a c t o r ;  and 
t o t a l  t r a y  a r e a .  The d e s i g n  i s  b a s e d  on t h e  s t e a d y  s t a t e  
p r o f i l e  g e n e r a t e d  f ro m  t h e  s t e a d y  s t a t e  p ro g ram  o u l i n e d  i n  
c h a p t e r  two.  A l s o  t h e  d e s i r e d  t r a y  s p a c i n g  and  f l o o d  
f a c t o r  s h o u l d  b e  s p e c i f i e d  a s  t h e  i n p u t  d a t a .
(1) Number o f  F low  P a s s e s ,  N
P
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The num ber  o f  t r a y  p a s s e s  a f f e c t s  t h e  w e i r  l e n g t h  o f  
t h e  t r a y ,  h e n c e ,  t h e  l i q u i d  l o a d i n g .  F o r  a  g i v e n  t r a y ,  t h e  
number  o f  f lo w  p a s s e s  i s  i n c r e a s e d ,  a s  n e c e s s a r y ,  t o  b r i n g  
t h e  w e i r  l o a d i n g  w i t h i n  t h e  p r o p e r  d e s i g n  l i m i t s .
L / »  < 96 (G.10)
GPM L
D ep en d in g  on  t h e  s i z e  o f  t h e  t r a y ,  t h e r e  i s  a l i m i t
t o  t h e  number  o f  f l o w  p a s s e s .  T h i s  l i m i t  i s  n e c e s s a r y  i n
o r d e r  t o  be  a b l e  t o  c o n s t r u c t  i n t e r n a l  manways an d  o b t a i n  a
s a t i s f a c t o r y  t r a y  e f f i c i e n c y .  The maximum num ber  o f  f l o w
p a s s e s ,  N ,  recommended by E c o n o m o p o u lo s  i s  g i v e n  by :
P(max)
N = 0 . 3 7 7  * IT  (G. 11)
P(max) v t
w h e r e  N i s  r o u n d e d  t o  t h e  n e x t  h i g h e r  i n t e g e r ,  b u t
P (max)
n e v e r  l e s s  t h a n  1.
(2) H e i r  L e n g t h ,  H ,  F l o w p a t h  L e n g t h ,  F ,  a n d  W idth  o f
L PL
F l o w p a t h ,  H
FP
I n t e r i o r  dow ncom ers  i s  a s su m ed  t o  h a v e  r e c t a n g u l a r  
s h a p e s  and  a r e  p l a c e d  i n  p o s i t i o n s  t o  d i v i d e  t h e  t r a y  i n t o  
e q u a l  f l o w p a t h  l e n g t h s .  The f o l l o w i n g  r e l a t i o n s h i p s  a r e  
recom m ended  by E c o n o m o p o u lo s  :
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0 . 9 4 6
W = y ♦ D * (H - 1 )  ( 6 .1 2 )
L L ( s d )  t  P
A A
d 0 .0 5 4  d ( s d )
D -2H - 2 ( ------- ) (N -1)  (1--------------------)
t  sd  D P A
t  d
F  ----------------------------------------------------------------------------  (G .13)
PL N
P
The s i d e  dow ncom ers  c h o r d  h e i g h t ,  H ,  i s  c a l c u l a t e d  f ro m  t h e
s d
f o l l o w i n g  n o n l i n e a r  e g u a t i o n  :
A H H / H H
d (sd)  1 f -1  s d  s d  / s d  s d  1
-= - - ~ |  c o s  ( 1 - 2  (-------------------- ) ) -  2 ( 1-2  (-------- ) ) / --------(1  ) |
A 1 1 ! D D / D D I
t  t  t  J t  t
( G . 14)
The w e i r  l e n g t h ,  H ,  o f  t h e  s id e d o w n c o m e r  i s  c a l c u l a t e d
L (sd )
a s  f o l l o w s  :
W = 2 T h (D -  H ) (G .15)
L (sd)  7 s d  t  s d
The a v e r a g e  w i d t h  o f  f l o w  c a n  be  c a l c u l a t e d  a s  a f u n c t i o n
o f  t h e  t r a y  a c t i v e  a r e a  a n d  t h e  f l o w p a t h  l e n g t h .
W = A /  F (G .16)
FP a  PL
(3) Downcomer a r e a ,  k .
d
( 3 . a) B a l l a s t  t r a y  o f  G l i t s c h  Company,  ( 1 9 7 0 ) .
The  d e s i g n  c o r r e l a t i o n  recommended b y  t h e  G l i t s c h  d e s i g n  
m anua l  4900 f o r  s i z i n g  t h e  b a l l a s t  t r a y  downcomer i s
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s u m m a r iz e d  a s  f o l l o w s  :
(1) A'
d
A = t h e  l a r g e r  o f  (a) 2*A
d (2) t h e  s m a l l e r  of  d




A = L /<V *F ) (G. 18)
d GP ft d f
(1) 250*S
F
V = t h e  s m a l l e r  o f  (2) 41* / p -  ( p * S ) 
d i l l ?
(3) 7 . 5 * / t  * (  p  -  p  ) S
J  S  L V F (G. 19)
C3.B) F l e x i t r a y  o f  t h e  Koch Company,  ( 1 9 6 0 ) .
A = L / ( V  *F ) (G. 20)
d GPff d f
w here  :
(1) 8 . 5 7 8 * t ' * S
s  F
V = t h e  s m a l l e r  o f  t 0 . 8 2
d (2) 0 . 5 3 3 * t  * (P -  P ) *S
S  L V F
(G.21)
t '  = t h e  s m a l l e r  o f  t  and  30 .
s  s
S : s y s t e m  d e r a t i n g  f a c t o r ,  t h a t  d e r a t e s  t h e  t r a y ' s  
F
l o a d i n g  h a n d l i n g  c a p a c i t y .
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P a i r  (1963)  r e l a t e d  t h i s  f a c t o r  t o  l i q u i d  s u r f a c e  
t e n s i o n  :
0 . 2
S = (cr/20) (G.22)
F
I n  G l i t s c h  an d  Koch m a n u a l s ,  S i s  r e l a t e d  t o  t h e
F
f o a m in g  t e n d e n c y  o f  t h e  s y s t e m .
TABLE 15. D e r a t i n g  F a c t o r s .
1 D e r a t i n g  
( F a c t o r ,  s  
I F
S y s t e m  ] 
C o n d i t i o n  j e x a m p l e  |
( 1 . 0  
1 _ _ _ _ _ _ _
Nonfoam ing  | R e g u l a r  J
J 0 . 8 5  
1 
1
M o d e r a t e  fo am in g  | O i l  a b s o r b e r r s ,  j 
a m in e  and  g l y c o l |  
r e g e n e r a t o r .  |
| 0 . 7 3  
1
h e a v y  f o a m in g  ] Amine and  g l y c o l ]  
c o n t a c t o r .  |
I---* -------------
I 0 . 6 0  
1
S e v e r e  f o a m in g  j M e th y l  e t h y l  ] 
k e t o n e  u n i t s .  |
| 0 . 3 0  
1
1------------------
fo rm  s t a b l e  j C a u s t i c  | 
r e g e n e r a t o r .  |
(4) A c t i v e  A r e a .
(4 .  A) B a l l a s t  t r a y  o f  G l i t s c h  Company.
V ♦ L (F / 1 0 8 3 )  
l o a d  GPM PL
a C *S *F
AFO F f
The Graph f o r  t h e  c a p a c i t y  f a c t o r ,  C ,  h a s  b e e n
AFO
c o r r e l a t e d  b y  E c o n o o o p o u lo s  a s  f o l l o w s  :
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C = t h e  s m a l l e r  o f  t h e  
AFO
0 . 6 5  0 . 1 6 7
(1) ( t  ) (P ) /  1 2 . 0
S  V
0 . 4 8 3  - 6
(2) 0 . 3 1 7 4  + 0 . 0 4 1 2 2  ( t  - 1 2 )  -  10 * p  (245 + 6 6 1 * t  )
s  V s
(3) 0 . 5 9 5  - 0 . 0 5 9 6  * P
V
The v a p o r  l o a d  f a c t o r ,  V ,  i s  d e f i n e d  a s
l o a d
2
479*11 *F *c * ( t  )
L f  1 s
c  = 0 . 1 5 3  f o r  p < 1 . 5  
1 V
( G . 24)
V = V [p /  (P -  P ) (G. 25)
l o a d  CFS/  V L V
(4 .B)  F l e x i t r a y  o f  t h e  Koch Company.
A = V /  (C *S *F ) (G. 26)
a  l o a d  AFO F f
w h e r e  :
C = t h e  s m a l l e r  o f  
AFO




(2) c  * ( t  ) * ( 0 . 5 3 3  ---------------------------------------------
I s  c
( G .  2 7 )
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0 . 1 7 2  f o r  P > 1 . 5
V
c  = 0 . 5 8 7  f o r  p < 1 . 5  
2 V
0 . 5 4 6  f o r  p > 1-5
V
(4.  C) F a i r ' s  m e t h o d .
F a i r  e s t i m a t e s  t h e  t r a y  a c t i v e  a r e a  by u s i n g  a f l o w
p a r a m e t e r ,  F ,  i n s t e a d  o f  t h e  v a p o r  l o a d  f a c t o r ,  V
l v  l o a d
The f l o w  p a r a m e t e r  a c c o u n t s  f o r  t h e  l i q u i d / v a p o r  k i n e t i c
e n e r g y  e f f e c t s  an d  i s  d e f i n e d  by :
GPM
F  ----------------------  I  (G. 28)
l v  4 4 8 . 8*V / P
CFS J V
The a c t i v e  a r e a  i s  e s t i m a t e d  f rom e q u a t i o n  (G.26)  an d  S
F
f ro m  e q u a t i o n  ( G . 2 2 ) .  The c a p a c i t y  f a c t o r ,  C ,  i s
AFO
c o r r e l a t e d  by E c o n o m o p o u lo s  f ro m  F a i r ' s  f l o o d  c a p a c i t y  
g r a p h .
C = t h e  s m a l l e r  o f  
AFO
(1) 0 . 1 1 8  * EXP ( 0 . 0 4 7 9 * t  )
s
(2) 0 . 4 2 5  * EXP ( 0 .  0 4 7 9 * t  ) *  ( 0 .1 0 9 2  -  0 . 0 5 8 * l n  (F ) )
s  l v
( G .29)
The a c t i v e  a r e a  c a l c u l a t e d  by t h e  F a i r ' s  m e thod  i s  
i n d e p e n d e n t  o f  t h e  num ber  o f  t h e  t r a y  p a s s e s .
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(5) t o t a l  co lum n  a r e a
When s t r a i g h t  d o v n c o m e r s  a r e  u s e d ,  o r  when u s i n g  s l o p e d  
o r  s t e p p e d  d o v n c o m e rs  w i t h  r e c e s s e d  i n l e t  a r e a s  o r  d r a v o f f  
su m p s ,  t h e  co lum n a r e a  i s  g i v e n  by :
A = A + 2*A (G-30)
t  a  d
A c an  fcs c o n s i d e r e d  a s  t h e  a v e r a g e  o f  t h e  dovncom er  
d
a r e a s  o f  odd n u m b ered  and e v e n  num b ered  o f  t r a y s .
T r a v  H o le  Ar e a
The t r a y  h o l e  a r e a  a f f e c t s  t h e  t r a y  o p e r a t i n g  
f l e x i b i l i t y  t h r o u g h  t h e  d r y  t r a y  p r e s s u r e  d r o p .  R e d u c t i o n  
i n  t h e  h o l e  a r e a  r e d u c e s  t h e  v e e p  p o i n t  a n d ,  up t o  a 
c e r t a i n  p o i n t ,  i n c r e a s e s  t h e  t r a y  t u r n d o v n  r a t i o .  The 
t u r n d o v n  r a t i o  i s  d e f i n e d  a s  t h e  r a t i o  o f  maximum a l l o v a b l e  
f l o o d i n g  t o  minimum a l l o v a b l e  o p e r a t i n g  t h r o u g h p u t .  Beyond 
t h i s  p o i n t ,  i t  c a n  c a u s e  p r e m a t u r e  f l o o d i n g  due  t o  
d o v n c o m e r  b a c k u p  a n d / o r  u n d e s i r a b l y  h i g h  p r e s s u r e  d r o p .
O p e r a t i o n  v i t h  v a p o r  l o a d s  b e l o v  t h o s e  a t  t h e  v e e p  p o i n t  
i s  n o t  p r e d i c t a b l e .  H en ce ,  t h e  v e e p  p o i n t  i s  c o n s i d e r e d  t h e  
l o v e r  d e s i g n  l i m i t  o f  a  g i v e n  t r a y .  The f l o o d  p o i n t  i s  t h e  
u p p e r  l i m i t .
The h o l e  a r e a  c o r r e s p o n d s  t o  a g i v e n  o v e r a l l  p r e s s u r e
d r o p  c a n  be s o l v e d  f rom  e q u a t i o n  (G. 1) t o g e t h e r  v i t h  C from
0
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CFS 2 2 L
(--------- ) ♦ 5 . 38*C * ( ------- ) * ( h  -  h -  h )
A 0 p t  1 6
a V
(G. 31)
Hag imum T r a y  Hole A re a
S i n c e  t h e  weep p o i n t  i s  t h e  l o v e r  d e s i g n  l i m i t  o f  a 
g i v e n  t r a y ,  t h e  minimum p r e s s u r e  d r o p  r e g u i r e d  t o  m a i n t a i n  
t h e  o p e r a t i n g  c o n d i t i o n s  a t  t h e  weep p o i n t  i s  g i v e n  by 
E c o n o m o p o u lo s  a s  :
0 . 5 7 3
h = h + 0 . 3 5 * (h + h ) (G.32)
t ( m i n )  1 w ow
The maximum p e r m i s s i b l e  h o l e  a r e a  t h a t  w i l l  k e e p  t h e  t r a y
a b o v e  t h e  weep p o i n t  a t  t h e  minimum d e s i g n  v a p o r  r a t e s  i s
g i v e n  by :





w CF*? 7 7 1
(--------------- ) + 5 .3 8  (C ) ( ) (h -  h -  h )
A O p  t ( m i n )  1 6
a  V
(G .33)
F o r  t r a y  h y d r a u l i c  s t a b i l i t y ,  t h e  t r a y  h o l e  a r e a  i s  n o t  
a l l o w e d  t o  e x c e e d  15* o f  t h e  t r a y  a c t i v e  a r e a .  Thus  :
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A = t h e  s m a l l e r  o f  A a n d  0 - 15*A
h (max) h(max) a
Min i mum T r a y  H o le  A rea
To a v o i d  p r e m a t u r e  t r a y  f l o o d i n g ,  t h e  maximum d e s i g n
p r e s s u r e  d r o p  h a s  t o  be c a l c u l a t e d  a t  t h e  maximum e x p e x t e d
l i q u i d  r a t e  ( i . e .  L / F  ) .  The e q u a t i o n  i s  d e r i v e d  by
GPM f
Gconom opoulos  :
h P -  P h
ow L V ud
h = ( 0 . 5 * t  - 0 . 5 * h   ) ( ------------- ) - ( ------------- )
t  (md) s  v 2 / 3  p 2
(F ) L (F )
f  f
(G.3h)
t h e  minimum h o l e  a r e a ,  w hich  f o r  t h e  maximum v a p o r  f lo w  w i l l  
c a u s e  a t r a y  p r e s s u r e  d r o p  e q u a l  t o  h
t  (md)





CFS 2 2 L
(-------------) + 5 .  38* (C ) ( ) * ( h  -  h -  h )
F *A O P  t  (md) 1 6
f a  V
(G.35)
F o r  t o w e r s  o p e r a t i n g  w i t h  low p r e s s u r e  o r  e q u i p p e d  w i th  many 
s t a g e s ,  a  maximum p e r m i s s i b l e  p r e s s u r e  d r o p  a c r o s s  e a c h  t r a y  
i s  s p e c i f i e d .  T h i s  c r e a t e  t h e  a d d i t i o n a l  v a p o r  h e a d  l o s s
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l i m i t a t i o n  :
h = (1728 /  p  )*AP (G. 36)
t  (me) L max
The  c o r r e s p o n d i n g  minimum t r a y  h o l e  a r e a  c a n  be c a l c u l a t e d
f ro m  e q u a t i o n  (G .31)  a s  :
V
CFS




F o r  o p e r a t i n g  s t a b i l i t y ,  t h e  h o l e  a r e a  i s  n o t  a l l o w e d  t o  be
l e s s  t h a n  5% o f  t h e  a c t i v e  a r e a .  Then :
A = t h e  l a r g e r  o f  A , A , 0 .05*A .
h (min) h(md) h(mc) a
M i n i mum T r a y  S p a c i n g
Assuming t h a t  A > A ,  a n d  a l s o
h (max) h (m in)
A < A < A
h (min) h h(max)
I n  t h i s  r e g i o n ,  t h e  t r a y  weep f a c t o r  i s  e g u a l  t o  o r  b e t t e r
t h a n  t h e  d e s i g n  v a l u e ,  a n d  t h e  t r a y  p r e s s u r e  d r o p  d o e s  n o t
e x c e e d  t h e  maximum s p e c i f i e d .
I n  t h e  e v e n t  t h a t  A < A ,  s e t  A = A
h(max) h (min) h h (max)
s o  t h a t  t h e  t r a y  d o e s  n o t  v e e p  p r e m a t u r e l y .
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The minimum t r a y  s p a c i n g ,  t  ,  i s  c a l c u l a t e d  a s
s  (md)
f o l l o w s  t o  a v o i d  p r e m a t u r e  t r a y  f l o o d i n g  by  downcomer b a c k u p ,
when t h e  t r a y  h o l e  a r e a  i s  A .
h
h = h + h +
t ( m d )  1 6
V /  F P A
0 .  186 CFS f  2 V f h 2 )
-- -- -- -- -- --- -- - (  )  ( ---------- )  J 1 - --- ( ---------- )  |
2 A p I A I
C h L a
0
(G.38)
I n t r o d u c i n g  h f ro m  e q u a t i o n  (G.38)  i n t o  e q u a t i o n  (G.34)
t  (rad)
and s o l v i n g  f o r  t  ,  t h e  minimum t r a y  s p a c i n g  i s  c a l c u l a t e d
s
a s  f o l l o w s  :
p  h h
L ud ow
t  -  2-(----------------- ) (h +  + h * 2 -(----------------- )
s  (md) p -  p t (m d )  2 w 2 / 3
L V (F ) (F )
f  f
(G.39)
D e s i g n  Of I n d i v i d u a l  T r a y s
The  f lo w  c h a r t  f o r  t h e  d e s i g n  o f  i n d i v i d u a l  t r a y s  b y  
E c o n o m o p o u lo s  i s  shown i n  FIG 55 an d  FIG 5 6 .
The d e s i g n  o f  i n d i v i d u a l  t r a y s  s t a r t s  by a s s u m i n g  a  o n e  
p a s s  t r a y ,  and  e s t i m a t i n g  t h e  t r a y  a c t i v e  a r e a  by  F a i r * s  
c o r r e l a t i o n  (1963) ,  u s i n g  i n p u t  o n l y  t h e  t r a y  o v e r f l o w
I Call TSG
I C a l c u l a t e A , ,  Ad, WL. F ^ ,  WFP
_____
Calculate 
h0w hi- K •
I  Call AHMAX 
I Calculate / l A(nMJr)
/ -------- — - * ------------
Call AHMIN
L Calculate A h[min)
{ t, »  th e  larger o f ts{md) and
ietufn
th e  smaller of A M m in )  a n d  M r .itx )
Calculate 
from Eq. (3g) and (3^)
FIG 55.
Single Tray Design Routine Proposed By Economopoulos
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Approximate estimation 
o f A i from Eq. Ufc) end &{)
Call TG 







Fig .  56 Subroutine TSG f o r  Tray Size  and Geometry Proposed 
by Sconomopoulos
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r a t e s ,  p h a s e  d e n s i t i e s ,  an d  l i q u i d  s u r f a c e  t e n s i o n .
F o l l o w i n g  t h i s ,  t h e  t r a y  a c t i v e  a r e a  an d  t h e  downcomer
a r e a  i s  e s t i m a t e d  by e i t h e r  t h e  B a l l a s t  t r a y  method  o r  t h e
F i e x i t r a y  m e th o d .  T h e n ,  c a l c u l a t e  t h e  a s s o c i a t e d  w e i r  and
f l o w p a t h  l e n g t h s .  Due t o  t h e  i n t e r a c t i o n  b e tw e e n  t h e  number
o f  f l o w  p a s s e s ,  t h e  w e i r  an d  f l o w p a t h  l e n g t h s ,  t h e  downcomer
a r e a  a n d  t h e  a c t i v e  a r e a ,  t h e  c a l c u l a t i o n  p r o c e d u r e  i s
i t e r a t i v e  an d  p r o c e e d s  u n t i l  c o n v e r g e n c e .
L i q u i d  l o a d i n g  o f  t h e  w e i r  i s  c a l c u l a t e d  i n  t h e  f i n a l
s t e p  t o  a s s e s s  w h e t h e r  i t  f a l l s  w i t h i n  t h e  recommended d e s i g n
l i m i t s .  I f  n o t ,  t h e  number o f  t r a y  p a s s e s  w i l l  h a v e  t o  be
i n c r e a s e d  b y  o n e ,  p r o v i d e d  t h i s  i s  p e r m i t t e d  by t h e  s i z e  o f
t h e  t r a y  w h ic h  i s  c a l c u l a t e d  f ro m  e q u a t i o n  ( G . 1 0 ) .  With  a
new N , t h e  c a l c u l a t i o n s  f o r  t h e  t r a y  a c t i v e  an d  downcomer  
P
a r e a s  a n d  w e i r  a n d  f l o w p a t h  l e n g t h s  a r e  r e p e a t e d .
H aving  f i x e d  t h e  t r a y  s i z e  a n d  g e o m e t r y ,  t h e  maximum an d
minimum h o l e  a r e a s  a r e  e s t i m a t e d ,  a s  t h e  f l o w c h a r t  s h o w s .  I f
& < A ,  t h e  t r a y  i s  d e s i g n e d  w i t h  t h e  minimum
h (m in )  h(max)
p e r m i s s i b l e  h o l e  a r e a  f o r  maximum o p e r a t i n g  f l e x i b i l i t y .
O t h e r w i s e ,  t h e  t r a y  h o l e  a r e a  i s  made e q u a l  t o  A ,  s o
h(max)
t h a t  t h e  d e s i r a b l e  o p e r a t i n g  f l e x i b i l i t y  i s  m a i n t a i n e d  w h i l e  
t h e  t r a y  s p a c i n g  i f  n e c e s s a r y .
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Desi g n  Of T r a y  Colum ns
The t r a y  c o lum n  d e s i g n  f l o w c h a r t  i s  shown i n  FIG 5 7 .
The  p r o c e d u r e s  a r e  s u m m a r iz e d  by  E c o n o a o p o u l o s  a s  f o l l o w s  :
(1) The s i z e  and  g e o m e t r y  o f  e a c h  i n d i v i d u a l  t r a y  i s
c a l c u l a t e d  b y  t h e  i n d i v i d u a l  t r a y  d e s i g n  p r o c e d u r e s .
The  d e s i g n  r e q u i r e s  t h e  s y s t e m  p r o p e r t i e s  and  t r a y
s p a c i n g  t  ,  a s  s p e c i f i e d  b y  t h e  u s e r .  The to w e r
s ( n a i )
c r o s s  s e c t i o n a l  a r e a  i s  s e t  e g u a l  t o  t h e  l a r g e r  t r a y  s i z e  
and  i s  r o u n d e d  o f f  t o  c o r r e s p o n d  t o  a  s t a n d a r d  d i a m e t e r .
(2) T r a y  z o n e s  w i t h  i d e n t i c a l  number  o f  f l o w  p a s s e s ,  and  
a c t i v e  and  downcomer  a r e a s  a r e  e s t a b l i s h e d .  The z o n e ,  
and  a c t i v e  an d  downcomer  a r e a s  a r e  made e g u a l  t o  t h e  
l a r g e s t  a c t i v e  and downcomer  a r e a s  o f  t h e  t r a y s  i n  t h e  
z o n e .  T he  e x t e n t  o f  t h e  z o n e  i s  d e t e r m i n e d  b y  t h e  
c o n d i t i o n  t h a t  t h e  r e s u l t i n g  a r e a  o f  t h e  z o n e  t r a y  d o e s  
n o t  e x c e e d  t h e  t o w e r  c r o s s  s e c t i o n a l  a r e a .  F o l l o w i n g  
t h i s ,  t h e  c a l c u l a t e d  z o n e  a r e a s  a r e  n o r m a l i z e d ,  and  t h e  
a s s o c i a t e d  w e i r  l e n g t h ,  f l o w p a t h  l e n g t h ,  and  w i d t h  o f  
f l o w p a t h  o f  t h e  z o n e  t r a y  a r e  d e t e r m i n e d .
(3) The i n c r e a s e  i n  t h e  s i z e  o f  s m a l l e r  t r a y s  i n  {1) which  
made them e g u a l  t o  t h e  s i z e  o f  t h e  l a r g e r  t r a y s  i n  t h e  
c o lu m n ,  h a s  p r o p o r t i o n a l l y  e n l a r g e d  t h e i r  c a p a c i t y .  
A d v a n ta g e  i s  t a k e n  o f  t h i s  e x t r a  c a p a c i t y  by r e d u c i n g
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PIG 57. Tray Column Design Flowchart Proposed by Eooncmopoulos
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t h e  t r a y  s p a c i n g  t o  t h e  minimum r e g u i r e d .  Hence a l l  
t r a y s  i n  t h e  co lu m n  w i l l  o p e r a t e  w i t h  a u n i f o r m  f l o o d  
f a c t o r .  T h i s  r e d u c e s  t h e  o v e r a l l  h e i g h t  o f  t h e  t o w e r  
v e s s e l .
(4) T ra y  z o n e s  w i t h  i d e n t i c a l  d e s i g n  p a r a m e t e r s ,  i n c l u d i n g
t h e  h o l e  a r e a ,  a r e  e s t a b l i s h e d .  The maximum a l l o w a b l e
h o l e  a r e a  o f  t h e  t r a y  z o n e ,  A ,  i s  e g u a l  t o  t h e
h (max)
s m a l l e r  o f  t h e  maximum h o l e  a r e a s  of  t h e  i n d i v i d u a l  t r a y s
i n  t h e  z o n e .  S i m i l a r l y ,  t h e  minimum p e r m i t t e d  h o l e  a r e a
o f  t h e  t r a y  z o n e ,  A ,  i s  e g u a l  t o  t h e  l a r g e r  o f  t h e
h (m in )
minimum h o l e  a r e a s  o f  t h e  i n d i v i d u a l  t r a y s  i n  t h e  z o n e .
The e x t e n t  o f  t h e  z o n e ,  w hich  c o n t a i n s  t r a y s  w i t h
i d e n t i c a l  d e s i g n  p a r a m e t e r s ,  i s  e s t a b l i s h e d  by t h e
c o n d i t i o n  A > A
h(max)  h (min)
(5) Based  on t h e  c a l c u l a t e d  h o l e  a r e a  o f  t h e  t r a y  z o n e ,  t h e
minimum t r a y  s p a c i n g  r e q u i r e d  t o  p r e v e n t  p r e m a t u r e
dovncom er  b a c k u p ,  t  ,  i s  c a l c u l a t e d  f o r  e a c h  t r a y .
s(md)
The t r a y  s p a c i n g ,  t  ,  e s t a b l i s h e d  i n  (3) i s  a d j u s t e d  i f
s
n e c e s s a r y .
The c a l c u l a t i o n s  c o n t i n u e  f ro m  s t e p  (2) u n t i l  a l l  s t a g e s  o f  
t h e  t r a y  c o lum n  h a v e  b ee n  c l a s s i f i e d  i n  a  t r a y  z o n e .
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Nome n c l a t u r e  F o r  t h e  T r a y  Column D es ig n
A : A c t i v e  t r a y  a r e a ,  FT**2.  
a
A : downcomer a r e a ,  FT**2.
d
A : h o l e  a r e a  o f  t h e  t r a y ,  FT**2- 
h
A : t o t a l  t r a y  a r e a ,  FT**2.  
t
A : f r e e  a r e a  f o r  l i q u i d  f lo w  u n d e r  t h e  downcomer a p r o n ,  
ud
FT**2.
C : v a p o r  d i s c h a r g e  c o e f f i c i e n t  f o r  d r y  t r a y -  d i m e n s i o n l e s s .  
0
C : t r a y  c a p a c i t y  f a c t o r ,  a s  d e f i n e d  by e q u a t i o n  ( G . 2 4 ) ,
AFO
( G .27) o r  e q u a t i o n  (G.29) .
d : h o l e  o r  p e r f o r a t i o n  d i a m e t e r ,  INCH, 
h
D : t r a y  d i a m e t e r ,  FT. 
t
F : t r a y  f l o o d  f a c t o r ,  
f
F : l e n g t h  o f  l i q u i d  f l o w  p a t h  on t h e  t r a y ,  FT.
PL
F : t r a y  weep f a c t o r ,  
w
h : c l e a r  o r  e f f e c t i v e  l i q u i d  h e i g h t  i n  t h e  t r a y ,  INCH.
1
H : h e i g h t  o f  l i q u i d  c r e s t  o v e r  w e i r ,  INCH, 
ow
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h : h e a d  l o s s  due  t o  l i q u i d  f lo w  u n d e r  downcomer a p r o n ,  
ud
INCH.
h : w e i r  h e i g h t ,  INCH, 
w
L : l i q u i d  o v e r f l o w  r a t e ,  GPU.
GPM
N : number o f  t r a y  f l o w  p a s s e s .
P
t  : t r a y  d e c k  t h i c k n e s s ,  INCH, 
d
t  : t r a y  s p a c i n g ,  INCH.
s
V : v a p o r  f lo w  r a t e ,  FT**2/SEC.
CFS
W : a v e r a g e  w i d t h  o f  l i q u i d  f l o w p a t h  on t h e  t r a y ,  FT.
FP
H : w e i r  l e n g t h ,  FT.
L
APPENDIX fl
LAPLACE DOMAIN GENERALIZED EQUILIBRIUM TRAY
I n  L a p l a c e  t r a n s f o r m a t i o n  n o t a t i o n ,  t h e  g e n e r a l i z e d
e q u i l i b r i u m  t r a y  e q u a t i o n s  become :
(1) t o a l  m a t e r i a l  b a l a n c e  :
H ( S )  *  S  = L ( S )  + V (s)  + FL ( S )  ♦ FV (s) -  L (s)
n n - 1 n+1 n n n
(2) c o m p o n e n t  m a t e r i a l  b a l a n c e s ,  { f o r  i = 1 , N C - 1 ) .
A f t e r  t h e  e q u a t i o n  (h„19)  i s  l i n e a r i z e d  and  L a p l a c e  
t r a n s f o r m e d ,  s u b s t i t u t e  H (s) * s  by  e q u a t i o n  (H.1)
SSL Js) -  V (s)  -  SSV (s)
n n n (H.1)
n
And Y (s)  and  Y 
i , n i , n  + 1
(s) b y ,
Y (s) = K *X (s)  + X *C1 *T (s) 
i , n  i ,  n i , n  i , n  i , n  n
+ X *C8 *P (s)  
i , n  i , n  n (H.2)
Y ( S )  = K *X ( S )  + X *C1 *T ( S )
i , n + 1  i , n + 1  i , n  + 1 i , n * |  i , n + 1  n+1
+ X *C8 *P (s)
i , n + 1  i» n + 1  n+1 (H.3)
T h e n ,  t h e  L a p l a c e  t r a n s f o r m e d  c o m p o n e n t  m a t e r i a l
b a l a n c e  b ecom es
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L (s)  (X -  X ) + X (s) (L ) ♦ V (s)  (X -  Y )
n - 1  i , n - 1  i , n  i , n - 1  n -1  n i , n  i , n
-  T ( S )  (X *C1 *(V + SSV ) )  -  P ( s ) ( ( V  ♦ SSV ) * x  *C8 )
n i , n  i , n  n n n n n i ,  □ i , n
-  X ( S )  (L + SSL + M * S  + K *V + K *SSV ) 
i , n  n n n i , n  n i , n  n
+ V (s) (Y -  X ) + T (s) (X *cl *V )
n+1 i ,  n + 1 i ,  n n+1 i , n + 1  i  , n + 1 n+1
+ P (s)  (V * X * C8 ) + X (K * V )
n+1 n+1 i , n  + 1 i , n + 1  i , n + 1  i , n + 1  n+1
= -  FL (s) (ZL -  X ) -  FV (S) (ZV -  X ) 
n i , n  i , n  n i , n  i , n
-  SSV ( S )  (X -  Y ) -  ZL ( s )  (FL ) -  ZV (s)  (FV ) 
n i , n  i , n  i , n  n i , n  n
(H.a)
(3) e n t h a l p y  b a l a n c e
A f t e r  t h e  E q u a t i o n  ( 4 . 2 0 )  i s  l i n e a r i z e d  and  L a p l a c e
t r a n s f o r m e d ,  s u b s t i t u t e  H (s) *s  by e q u a t i o n  ( H . 1 ) .
n
A l s o ,
HL (s)  = C6 * T (s )  ♦ SC7 * X (s)
n -1  n -1  n -1  i  i , n - 1  i , n - 1
HL (s)  = C6 ♦ T ( s )  + SC7 * X (s) 
n n n i  i , n  i , n
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HV (s)  = ( 5C2 * Cl + C4 ) *  T (s) + 5C3 * X (s) +
n i  i , n  i , n  n n i  i , n  i , n
1C2 * C8 * P (s)
i  i ,  n i , n  n
HV (s)  = ( IC2 * C1 + CH ) *  T (s)
n+1 i  i , n + 1  i , n + 1  n+1 n+1
+ 1C3 * X (s)  + 1C2 * C8 * P (s)
i  i  , n + 1 i , n + l  i  i , n  + 1 i , n  + 1 n+1
flFL (s)  = (C6F ) *  TF ( s )  + 1C7F *ZL (s) 
n n n i  i , n  i , n
HFV (s)  = (C2F ) *  TF ( s )  + 2C3F *ZV (s)
n n n i  i , n  i , n  (H.5)
T h e n ,  t h e  L a p l a c e  dom ain  e n t h a l p y  b a l a n c e  becom es  :
L ( S )  (HL -  HL ) + T ( S )  (L * C6 )
n-1 n -1  n n -1  n -1  n -1
♦ 2 (L  * C7 )X (s)  ♦ V (s)  (HL -  HV )
i  n - 1  i ,  n - 1  i ,  n - 1  n n n
+ T (s )  ( -  (V ♦ SSV ) ( 5C2 * cT ♦ C4 ) -  (L + SSL ) C6
n n n i  i , n  i , n  n n n n
-  s*(M * C6 ♦ H * CMC)) 
n n n
+ P ( s ) ( - ( V +  SSV ) (  1C2 ♦ C8 ) )
n n n i  i , n  i , n
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+ £ ( - ( V  + SSV )C 3  - ( L  ♦ SSL )C7  -  s*  (H * C7 ) ) X  (s)
i  n n i r n n n i #n n i # n i , n
+ V ( S )  (HV -  HL ) 
n+1 n+1 n
+ T (s) (V ( 5C2 *C1 ♦ C4 ) j
n+1 n+1 i  i r n+1 i , n  + 1 n+1
+ P (s) (V { 2C2 *C8 ) )  +(5V *C3 ) X (s)
n+1 n + 1 i  i # n + 1 i , n + 1 i  n+1 i , n + 1 i , n + 1
= FL ( S) * ( HL -HFL ) + FV ( s )* (H L  -HFV ) + SSV (s) * (HV -HL )
n n n  n n n  n n n
-  TF (s) * (FL *C6F ♦ FV *C2F ) -  FL ( 5C7F *ZL (s)  )
n n n n n n i  i , n  i , n
-  FV ( 2C3F * ZV ( s ) )  -  Q (s)
n i  i , n  i , n  n (H.6)
(4) e q u i l i b r i u m  r e l a t i o n s h i p s .
Y (s )  = K *X (s)  + X *C1 *T (s) + X *C8 *P (s)
i , n  i , n  i 0n i , n  i , n  n i , n  i , n  n
(H.7)
(5) s u m m a t io n  e q u a t i o n s .
5. X (s)  = 0 (H.8)
i  i , n
K *X (s) ♦ X *C1 *T (s) + X *C8 *P (s )  ) = 0
i  i , n  i , n  i , n  i , n  n  i #n i , n  n
(H.9)
(6) f e e d  s p l i t  e q u a t i o n s .
F (s) = FL (s) ♦ FV (s)  (H.10)
n n n
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Z *F (s) ♦ F *Z ( s ) = ZL *FL (s) ♦ FL *ZL (s)
i , n  n n i ,  n i , n  n n i , a
+ ZV *FV (s)  + FV *ZV (s) ( H. 11)
i , n  n n i ,  n
(7) t h e r m a l  p r o p e r t i e s .
HL (S) = C6 * T (s )  + 5C7 * X (s) (H. 12)
n n n i  i , n  i » n
HV (s) = (5C2 * Cl + CU )*T (s)  ♦ 5C3 * X (s)
n i  i , n  i , n  n n i  i , n  i , n
♦ 2C2 * C8 * P (s) (H. 13)
i  i , n  i , n  n
(8) t r a y  h y d r a u l i c s .
(a) downcomer l i q u i d  l e v e l .
W (s)  -  WDC (s)  
n - 1  n
HDC ( S )   ----------------------------------------------------------  (H. 14)
n pDC * ADC * S
n n
(b) downcomer p r e s s u r e  d r o p  and  f l o w .
E g u a t i o n  ( h .3 1 )  may be  L a p l a c e  t r a n s f o r m e d  t o  be :
A PDC ( S )    (pDC *HDC ( S )  -  pTR *HTR' ( s )  -  HTR *pTR ( s ) )
n g n n  n n  n n
c
- ( P ' ( s )  -  P <s) )  (H. 15)
n n -1
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I n  L a p l a c e  d o m a in ,  e q u a t i o n  (4 .3 4 )  b e c o m e s ,  
3WDC
n





3HDC HDC ADM * PDC g
n n n n c
3Apd c  APDC 0 .1 0 0 7 2  * HDC g
n n n
2 ___




(c)  a e r a t e d  l i q u i d  h o l d u p  an d  g r a d i e n t  on t r a y .




(d) i n l e t  l i q u i d  h e i g h t  o v e r  w e i r .
HOW (s)  = HTR' ( s )  
n n
(e) volume o f  l i q u i d  on  t h e  a c t i v e  t r a y .
aVTR aVTR
n n
VTR ( S )    * HTR ( s )  + ----------------- * p  TR ( s )





( H . 19)
(H .20 )
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w h e r e  :
9VTR 9VTR -  HTR VTR
n 1 n n n
9WTR PTR 9pTR   2 pTR
n n n pTR n
n
( f )  a c t i v e  t r a y  t o t a l  m a t e r i a l  b a l a n c e .
(H. 21)
HTR (s)  = (HV ( S )  -  HV (s)  * HDC (s) -  W (s) ♦ HFI (s)
n n+1 n n n n
♦ HFV (s)  -  HSSL (s) -  HSSV (s) ) /  s
n  n n (H.22)
(g) a e r a t e d  l i q u i d  d e n s i t y  a s  a f u n c t i o n  o f  v a p o r  v e l o c i t y .
3P TR— 9F
n n
PTR ( S )  ------------------ * -------------------*  HV (s)
n 9F 9HV n
n n (H.23)
w here  :







-------------   ( - 1 . 2 3 8  ♦ 1. 364*F -  0 .3 8 1 6 * F  ) * pL
9F n n  n
n (H.24)
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(h) l i q u i d  o v e r f l o w  f ro m  t r a y .
3  W 3 V
n n
B (s)   -----------------* P TE (s )  + --------------- * HOB ( S )
n 3p TB n 3 HOB n
n n (H .25)
w h e r e  :
3B W
n ___  3 /2  n
---------------= KK * (HOB ) =  —  ;
3pTB n n pTR
n n
dff B
n   _  _  0 . 5  n
-------------- = KK * pTB * i . 5 * (HOB ) = 1 . 5
3HOB n n n HOB
n n
( Q . 2 6 )
( j )  t o t a l  t r a y  p r e s s u r e  d r o p .
P '  (s)  -  P '  (s) = a PTB' (s) 
n n-1  n - 1
3A PTB7" 3A PTB'
n -1  n - 1
= ( ) * BV (s) ♦ (-------------------) * B (s )
3 BV n 9 B n -1
n n - 1
(H. 27)
w here  :
(1) f o r  t r a y  v a l v e  u n i t  p a r t  o p e n e d .
3APTR' BV
n - 1  g n
( ) = 0 . 0 3 3 3  * --------- * ----------------------------  (H .28)
3 BV g 2
n c  pV * AH
n n -1
(1) f o r  t r a y  v a l v e  u n i t  f u l l y  o p e n e d .
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ST p t r*' HV
n - 1 g n
(-------------------) = 0 .0 1 7 5  * --------- * ---------------------------
3 HV g 2
n c  p v  * AH
n n - 1
(H. 29)
- 1 / 3  1 /3
S APTR7 H * pi­
n - 1  g n - 1 n - 1
---------------------= 0 . 2 4 8 5 2 5  * --------- * (-------------------------------------- )
3 W g 2 / 3
n - 1  c  LH
n - 1
( H . 30)
At a  f i r s t  s t e p  i n  d e r i v i n g  an  o v e r a l l  t r a y  e q u a t i o n ,  a 
s i g n a l  f l o w  d i a g r a m  c a n  be  c o n s t r u c t e d  f rom  e q u a t i o n  ( H .1 4 ) ,  
( H . 1 5 ) ,  (H. 16) ,  (H. 18} , ( B . 1 9 ) ,  (H. 2 0 ) ,  ( H .2 2 ) ,  ( H .2 3 ) ,
(H. 25) and  (H.2 7 ) .  The  s i g n a l  f l o w  d i a g r a m  f o r  a  g e n e r a l i z e d  
t r a y  ( n o t  i n c l u d i n g  t h e  co lum n t o p  t r a y )  i s  shown i n  
FIG 58.  By s u c c e s s i v e  r e d a c t i o n s ,  t h i s  s i g n a l  f lo w  d i a g r a m  
c a n  be r e d u c e d  u n t i l  t h e  f o l l o w i n g  e q u a t i o n  i s  d e r i v e d  :
1
W ( S )    *
n 2 2
TE * s  + 2* £  *TB * S  ♦  1 
n n nr
3APT? g
n - 1  c
H ( S )  (1 -  ( -------------------)-( --------) *ADC * s )
n -1  $W g n
n-1
* (HV (s) +HFL (S) +WFV (S)-HSSV (s ) -H S S L  ( s ) )  
n + 1 n  n n  n
* (TVV *ADC * s  ♦ 1) 
n n
+ HV (s)  * 
n
3F 9PTR 3 F  9pTR
  n n n n 2 ______
(-VTR *—  -------* -----------+ -------------* ----------- *------*HOH *ATR )
n 9HV 9 F 9 HV 3f  3 n n




9 APTR' 3 F 3 p TR
n -1  g n n  , g
+ (----------------------  *----------- *----------- *HTR ) *------- *ADC *s
9hv g 9 HV 9 F n g n
n c  n n c
3 F 3p TR 3 F 3 pTR
  n n n n 2 ___
+ ( (-VTR *----------- *-------------+ ------------- * ----   *------* HOW
n 9HV 9 F 9 WV 9 F 3 n
n n n n
* (ATR ♦ ADC ) ) * S  ~ TVV *ADC * S  -  1 
i n n  n n I
I  )
(H .3 1 )
w h e re  :
• *  1*1
o









{ pTR (ATR + ADC ) + 1 . 5 * ----------- * TDC
1
1 1











I n  L a p l a c e  t r a n s f o r m a t i o n  n o t a t i o n ,  t h e  m ass  f l o w  r a t e  o f  
v a p o r  o r  l i q u i d  c a n  be r e l a t e d  t o  t h e  m o la r  f lo w  r a t e  o f  
v a p o r  o r  l i q u i d  t h r o u g h  t h e  m i x t u r e ' s  m o l e c u l a r  w e i g h t  a s  
f o l l o w s  :
W (s)  = L ( s ) * ( 5 X  * MW ) + L {2MH * X ( s ) )
n -1  n -1  i  i , n - 1  i  n - 1  i  i  i , n - 1
ff (s) = L ( s ) * ( 2 X  * MW ) ♦ L *(5MW * X ( s ) )
n n i  i ,  n i  n i l  i , n
HV (s)  = V ( s ) * (5 Y  * MH ) + V *(5HH * Y (s)  )
n n i  i , n  i  n i  i  i , n
HV (s)  = V ( s ) * ( 2 Y  * MH ) ♦ V (jBW * Y ( s ) )
n + 1 n+1 i  i , n + 1  i  n+1 i  i  i , n + 1
HFL (s)  = FL (s )  * {5ZL * HH ) + FL *(5MR * ZL (s)  ) 
n  n i  i ,  n i  n i  i  i  ,n
HFV (S) = FV (s) * (5ZV * MW ) ♦ FV *(JMH * ZV (s) ) 
n  n i  i ,  n i  n i i  i , n
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HSSV (s )  = SS7 ( S ) * ( S Y  * HW ) + SSV * (XMW * Y ( s ) )
n n i  i , n  i  n i  i  i , n
HSSL (s)  = SSL (S )* (2X  * MH ) ♦ SSL *(ZHH * X ( s ) J
n n i  i , n  i  n i  i  ± , n
( H .33)
S u b s t i t u t e  t h e  e q u a t i o n  s e t  (Ho33) i n t o  e g u a t i o n  ( H . 3 2 ) .
a n d  Y (s) and  Y (s )  b y ,
i , n  i , n + 1
Y (s)  = K *X (s)  + X *C1 *T (s) + X *C8 *P (s)  
i , n  i , n  i , n  i , n  i , n  n i , n  i , n  n
Y (s) = K *X (s)  ♦ X *C1 ♦ T (s)
i , n + 1  i , n + 1  i , n  + 1 i , n  + 1 i , n  + 1 n + 1
♦ X *C8 *P (s)
i ,  n + 1 i , n + 1  n+1 (H.34)
T h e n ,  t h e  e q u a t i o n  (H.32)  b eco m es  t o  b e .
3 APTB' g
_  n -1  c
L (s)*(5AA *HH *X ) *(  1 -  ( ------------------- ) ( ------- )*ADC *s)
n - 1  i n i i , n - 1  3 W g n
n - 1
3 A PTB g
_  n -1  c
+ 2 (AA *MW ♦L ) * (  1 - ( ------------------ ) (  ) * ADC *s )*X  (s)
i n i  n -1  3 H g n i , n - 1
n - 1
-  L ( S ) * (  ZHH *X ) + V ( s )  * (ZA A *CC *Y )
n i  i  j . , n  n i  n n i  i , n
+ T ( s ) * ( 5 ( - A A  *BB *SSV *HH ♦ AA *CC *HH *V ) *X *C1 )
n i  n n  n i  n n i n  i , n  i , n
+ P ( S )* (5 ( -A A  *BB *SSV *MH + AA *CC *MH *7 ) * X *C8 )
n i  n n  n i  n n i n  i , n  i , n
+ 2 ( ( - A A  *BB *Ss7 *MW + AA *CC *NW *7 ) * K 
i  n n  n i  n n i n i , n
-  (AA *BB *Htf *SSL + HR *L ) )  * X (S) 
n n  1 n i n  i , n
+ V ( S) * (2AA *BB *HH *Y )
n+1 i  n n i  i , n + 1
+ T ( S )  *(5AA *BB *HR *X *V *C1 )
n+1 i  n n i  i , n + 1  n + 1 i , n  + 1
+ P ( S ) * ( S A A  *BB *MR *X *V *C8 )
n + 1 i  n n i  i r n+1 n+1 i #n+1
+ 2 (AA *BB *HH *7 *K ) *X (s) 
i  n n i  n+1 i , n + 1  i , n + 1
= PL ( S )  (-5AA *BB *MR *ZL ) + FV ( s )  (-2AA *BB *MR *ZV ) 
n i  n  n i  i , n  n i  n n i  i , n
+ SSV (s)*(2AA *BB *HR *Y ) + SSL ( s )* (2A A  *BB *HR *X ) 
n i  n n i  i , n  n i n n i i rn
-  2AA *BB *MR *FL *ZL (s)  -  5AA *BB *MW *77 *ZV (s)  
i n  n i  n i ,  n i n  n i  n i , n
( B . 3 5 )




BB = (— ----------- — ) *ADC *s ♦ 1
n 8 HDC n
n
3 A P DC
n
3 F 3 pTR 3 F 3 pTR
  n n n n 2 ___
CC = ( - VTR *-----------* -----------+ ------------- * ------------*----- *HOH *ATR )
n n 9av 3 F 3 HV 3 F 3 n n




3 A P T K  9 F  3 P T B
n - 1  g n n   g
+ (--------------------------------*----------- *------------- * H T R ')* ------ * ADC *s
3 HV g 3 HV 3 F n g n
n c  n n c
IjfF ~ 3pTR 3 F~ 3 p TE
  n n n n 2 __
+ ( {- VTR * ----------- *-------------+ ------------- *------------- *-----*HOH
n 3 HV 3F 3 HV 3 F 3 n
n n n n
* (ATR + ADC ) ) * S  -  BB
n n n (H - 36)
S i n c e  t h e  co lum n t o p  t r a y  d o e s  n o t  h a v e  t h e  downcomer,  t h e  
t r a y  h y d r a u l i c s  i s  d i f f e r e n t  f ro m  t h e  o t h e r  g e n e r a l i z e d  
t r a y s .  The L a p l a c e  domain  e q u a t i o n s  v h i c h  d e s c r i b e  t h e  t o p  
t r a y  a r e  :
(c) a e r a t e d  l i q u i d  h o l d u p  and g r a d i e n t  on t r a y .  ( H . 1 8 ) .
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n >





FIG 59.  Dignal  Diagram For D i s t i l l a t i o n  Tower Top Tray K a t c r i a l  Balance Dynamics.
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(e)  volume o f  l i q u i d  on  t h e  a c t i v e  t r a y .  ( H .2 0 ) .
( f )  a c t i v e  t r a y  t o t a l  m a t e r i a l  b a l a n c e .  ( H . 2 2 ) .
(g) a e r a t e d  l i q u i d  d e n s i t y  a s  a  f u n c t i o n  o f  v a p o r  d e n s i t y .  
( H- 23) .
(h) l i q u i d  o v e r f l o w  f ro m  t r a y .  ( H . 2 5 ) .
A s i g n a l  d i a g r a m ,  FIG 5 9 ,  c a n  be c o n s t r u c t e d  f ro m  t h e s e  
e q u a t i o n s .  By s u c c e s s i v e  r e d u c t i o n ,  t h i s  s i g n a l  d i a g r a m  
c a n  be r e d u c e d  u n t i l  t h e  f o l l o w i n g  e q u a t i o n  i s  d e r i v e d .
1 2 1
( ) ( 1 . 5 * - - - z — ) (— z ------- )
f ATR HOH PTR * S
J 2 2 2
W (s) = J --------------------------------------   |
2  |  i l  |
I 1 2 1 |
I 1 ♦ ( ) ( 1 . 5 * - - — - )  (- — ----- ) J
ATR HOH pTR * s
* (HV (s) *0 (s)  +HFL ( S )  +0FV (s)  -WSSL (s)  -WSSV (s)  J 
3 1 2 2 2 2
r
+ WV ( S )  *
2
3F 09p TR 0
2 2 2 1 2
(----------- ) ( ------------- ) ( ' I I I  ) ~ (----------) ( 1 . 5 * - - — )*
■3HV 9 F PTR ATR HOH
2 2 2 2 2
I
9 F 19pTR VTR
2 2 2 1 J
90V 3F pTR pTR * s  |
2 2 2 2 )
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H
( 1 2 1 |
I 1 ♦ (----------- ) ( 1 -5*  ZZZ )   ) I
I ATR HOH pTR *s  I
2 2 2
(H.37)
l e t  :
H
1 2
( ) 0 - 5 * - " — )
ATR HOH
2 2
AA2  --------------------------------------------    (H. 38)
H
  1 2
pTR * s  + (--------- ) (1o 5*--------- )
2 ATR HOH
2 2
3F 8 p TR W
f ___  2 2 2
BB2 = | (pTR * s )  C ) (------------- ) (----------- )
I 2 aHV 8 F pTR
2 2 2
H a F 3pTR VTR
1 2   2 2 2 t
- ( --------- ) ( 1 . 5 * - - — — ) ((PTR *s) (  ) (------------- ) ( - - - - — ) + I /
ATR HOH 2 3 HV 9 F PTR J
2 2 2 2 2
H
  1 2
(  { pTR *s) + ( ----------- ) ( 1 . 5 * --------- ) )  (H.39)
2 ATR HOH
2 2
I f  t h e  m ass  f l o w  c a t e  o f  v a p o r  o r  l i g u i d  i s  r e l a t e d  t o  t h e  
m o l a r  f l o w  r a t e  o f  v a p o r  o r  l i g u i d  t h r o u g h  t h e  m i x t u r e ' s  
m o l e c u l a r  w e i g h t .  T h e n ,  e g u a t i o n  (H.37)  b e c o m e s .
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L (s)  (2AA2*BW *X ) ♦ IAA2*HH *L *X (s) -  L Js) (2BW *X ) 
1 i  i  i # 1  i  i  1 i ,  1 2 i  i  i ,  2
+ V (s) (£BB2*BW *Y )
2 i  i  i , 2
♦ T (s) (2(BB2*MH *V -AA2*BW *SSV ) X *cT )
2 i  i  2 i  2 ± ,  2 i , 2
♦ p (s) (5(BB2*MW *V -AA2 *BB *SSV )X *C8 )
2 i  i  2 i  2 i ,  2 i ,  2
+ S((BB2*BH *V -AA2+B8 *SSV ) *K -  (AA2*BH *SSL +H8 *L ))  
i  i  2 i  2 i»  2 i 2 i 2
♦ X (s)
1 , 2
+ V (s) (2AA2*BW *Y ) + T ( s )  {5AA2*B8 *V *X *C1 )
3 i  i  i , 3  3 i  i  3 i , 3  i , 3
+ P (s) (2AA2*BH *V *X *C8 ) ♦ £AA2*BW *V *K *X (s)
3 i  i  3 i , 3  i #3 i  i  3 i , 3  i , 3
= FL ( s ) * ( -  5AA2*MH *ZL ) -  £AA2*BW *FL *ZL (s) 
2 i  i  i ,  2 i  i  2 i , 2
♦ FV ( s ) * ( -  5AA2*BH *ZV ) -  2AA2*BH *FV *ZV (s)
2 i  i  i ,  2 i  i  2 i , 2
♦ SSL (s ) * ( 2AA2*BW *X ) + SSV (s) * (ZAA2*BH *Y )
2 1 i  i ,  2 2 i  i  i , 2
(H.40)
(9) p r e s s u r e  d r o p  t h r o u g h  t h e  t r a y .
A PTR = P ( s )  -  P (s) 
n -1  n n -1
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9A PTR 3APTR
n -1  n -1
= ( )*»V (s) + (---------------- )*W (s)
3 HV n 3 H n-1
n n - 1  (H.41)
b u t ;
R ( s )  = L (s)*(ZMW *X ) + L *(5MW *X ( s ) )
n -1  n-1  i  i  i , n - 1  n - 1  i  i  i , n - 1
HV (s)  = V (S)* (JMW *Y ) + V *(£MW *Y ( s ) )
n n i  i  i , n  n i  i  i , n
Y (s )  = K *X (s)  *X *CM *T (s) +X *C8 *P (s)
i , n  i , n  i , n  i , n  i , n  n i ,  n i , n  n
( H .U2)
Combine e q u a t i o n  (H.41)  w i t h  (H.40) a n d  r e - a r r a n g e ,
T a’p t r "
n -1  _
L-------( s ) * ( ( ------------------ ) * (5X * MH ) } + P (s)
n - 1  3¥ i  i , n - 1  i  n-1
n - 1
3A PTR
n - 1  _
♦ ( ------------------- ) *L * ( £ W H  *X ( S ) )




♦ V ( S )  * ( ( ------------------------- ) *(5Y *MH ) )
n 3 HV i  i , n  i
n
3A PTR
n - 1  _ ________________ __
♦ T ( S )  * ( (  ) *V *(IMW *x *C1 ) )




n - 1 _ _______
♦ P ( s ) * ( { -------------------) *V *(SMW *X *C8 ) -  1)
n 3 9V n i  i  i , n  i ,  n
n
3APTR
n -  1
*■ (  ) *V *K *X (S) ) = 0
S»V n i  i  i , n  i , n
n
w h e r e  :
(1) f o r  t r a y  v a l v e  u n i t  p a r t  o p e n e d .
3 APTR HV
n - 1  g n
(-------------------> = 0 .  000 2 3 1 4 8 * ( — — ) * (-------------------------- )
3 9V g 2
n c  P V * AH
n n-1
(2) f o r  t r a y  v a l v e  u n i t  f u l l y  o p e n e d .
3APTR HV
n - 1  g n
(------------------ ) = 0 . 0 0 1 2 1 5 * { -------) * ( ------------------------- )
c*HV g 2
n C pV * AH
n n-1
__________ _  - 1 / 3  1 /3
3A PTR 9 *PL
n - 1  g n-1 n -1
   _  0 . 0 0  1 7 2 5 8 7 * ( ------- ) * ( ------------------------------------ )
3 *  9 2 / 3







REBPILES LAPLACE DOHAIN RELATIONSHIPS
(A) r e b o i l e r  p r o c e s s  s i d e .
(1) t o t a l  m a t e r i a l  b a l a n c e .
A f t e r  t h e  t i m e  dom ain  t o t a l  m a t e r i a l  b a l a n c e  ( 4 .5 1 )  i s  
L a p l a c e  t r a n s f o r m e d ,
s  * M (s)  = L (s) -  V (s) -  L (s)  (1 .1 )
3 j - 1  3 j
t h e n ,  co m b in e  w i t h  t h e  c o n t r o l l e r  e q u a t i o n  by e l i m i n a t i n g  
L (s) ,
j
L (S) = KR * H (S) ( 1 .2 )
j  3
an d  co lum n b a s e  a c c u m u l a t i o n  by  e l i m i n a t i n g  H (s) .
j
H (s)  = A * p  * H (s)  ( 1 .3 )
j  3 3 3
The p r o c e s s  s i d e  t o t a l  m a t e r i a l  b a l a n c e  becom es  :
S*A *p
3 3
L (S) * ( --------------- + 1) -  L (s) * V (s) = 0 (1 .4 )
3 KR 3-1  3
(2) c o m p o n e n t  m a t e r i a l  b a l a n c e s .
A f t e r  t h e  t i m e  d om ain  c o m p o n e n t  m a t e r i a l  b a l a n c e  ( 4 .5 3 )  i s  
l i n e a r l i z e d  a n d  L a p l a c e  t r a n s f o r m e d ,  s u b s t i t u t e  s*M (s)
3




Y (S) = K *X (s)  *X *C1 *T <S)+X *C8 *P (s)
i # j  i # j  i # j  i / j  j  i#  j  i r j  j
( 1 .5 )
T h e n ,  t h e  L a p l a c e  dom ain  c o m p o n e n t  b a l a n c e  b e c o m e s .
L (s )  (X -  X ) -  X (s) (L ) + V (s)  (Y -X )
j - 1  i , j  i , j - 1  i , j - 1  j - 1  j  i , j  i , j
♦ T (s) * (V *X ) + P ( s ) * ( V  *X *C8 )
j  j  i# j  i#  j  j  j  i #  j  i  #3
♦ X ( s ) * ( i  * s  + L ♦ V *K ) = 0 ( 1 .6 )
i , j  j  j  j  i . j
(3) e n t h a l p y  b a l a n c e .
A f t e r  t h e  t i m e  domain  p r o c e s s  e n t h a l p y  b a l a n c e  ( 4 .5 4 )  i s  
l i n e a r i z e d  an d  L a p l a c e  t r a n s f o r m e d ,  s u b s t i t u t e  s*H (s)  by
j
( 1 .1 )  an d  a l s o  HL ( s ) ,  HL (s) and  HV (s)  by :
3 j - 1  j
HL (s )  = C6 *T ( s )  + 5C7 *X (s)
j  j  j  i  i , 3  i , 3
HL (s)  = C6 *T (s)  ♦ 5C7 *X (s)
j - 1  j - 1  j - 1  i  i #  j “  1 i #  j - 1
HV (s)  = (5C2 *C1 ♦ C4 ) *T (s )  ♦ IC3 *X (s)
j  i  i , j  i , 3  j  j  i  i *  j  i#  j
♦ 2C2 *C8 *P (s)
i- i # j  i » j  j  ( I -  7)
T h e n ,  t h e  L a p l a c e  d o m ain  e n t h a l p y  b a l a n c e  becom es  :
L (S)*(HL -  HL ) -  T (s)  * (L *C6 )
j - 1  j  j - 1  j - 1  j - 1  j - 1
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-  L *(2C7 *X (s) ) + V ( s )  * (HV -  HL )
j -1 i  i  # j -1 i , j - 1  j  j  j
♦ T ( S )  * (0  *A * (M *s  ♦ L ) *C6 ♦ V *{5C2 *cT ♦ C4 ))
j  B B  j  j j j i  i r j  i r j  j
+ P ( s ) * ( V  * (5C2  *C8 ) ) -  T ( s ) * { 0  * A )
j  j  i  i  # j i# j  MB B B
* 5(V *C3 * (H *s * L ) *C7 )*X ( S )  =  0 (1 -8 )
i  j i  r j  j  j  i r j  i r j
(4) su m m a t io n  e q u a t i o n s .
5K * X (s)  + T (s)  * (S  X * Cl )
i  i r j  i r j  j  i  i r j  i r j
+ P (s) *(5X * C8 ) = 0 ( 1 .9 )
j i  i r j  i rj
I X  (s )  = 0 ( 1 .1 0 )
i  i r j
(5) r e b o i l e r  s t e a m  s i d e .
I n  L a p l a c e  d o m a i n ,  e q u a t i o n  ( 4 . 6 3 ) ,  ( 4 .6 4 )  and  (4 .6 5 )
b e c o m e s ,
7 * s *  p ( s )  = F (s)  -  F ( s )  ( 1 .1 1 )
B SC S c
3 F 3 F 3 F
s s s
F ( S )  = ( --------- ) * P  ( S )  ♦ ( ) *P ( S )  + ( ) *CM ( s )
S 3 P S 3 P SO 3 CM
S SO

























( ) *P ( s )  (1 .1 2 )
3p SO
su
3 F 3F 3 F
c c c
(--------- )*T (s)  + ( ----------- )* T  (s)  ♦ ( ) * X is)
3 T S 3T ME 3 A V
S MH V
( I .  13)
  _  _  - 0 . 5  _  0 . 5
0 . 0 0 8 8  * CV * CM *(P -  P ) * p
SO S SO
(1 .1 4 )
  _  - 0 . 5  _  0 . 5
0 . 0 0 8 8  * CV * CM ♦ (P -  P ) * p
SO S SO
( I .  15)
0 - 5  0 . 5
0 . 0 1 7 6  * CV * (P -  P ) * p
SO S SO ( I .  16)
  _  0 . 5  - 0 . 5
0 . 0 0 8 8  * CV * CM * (P -  P ) * p
SO S SO
(1 .1 7 )
0 * A 3F -  0 * A
S S C S S
A ’ 9T *
V MR V
( I .  18)
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SF
C _  1
 = U * A * (T -  T ) * ( ------------- )
S S S HE 2
V I
V (1-19)
B u t ,  i n  L a p l a c e  d o m a in .
dP dP
S SO
P (s) = ----------- * T (s)  ; P (s)   ------------- * T (s)
S dT S SO dT SO
S SO
(1 . 20 ) (1 . 21 )
d p  d p
s u  SC
(s)    * T (s )  ; (s)  =  * T (S)
SU dT SU SC dT S
SO S
( 1 .2 2 )  ( 1 .2 3 )
w h e r e  :
dP
S 4




























+ (1.  9 5524436E —16) *T (1 .2 7 )
SU
Combine e q u a t i o n  ( 1 .2 0 )  ,  ( 1 . 2 1 ) ,  ( 1 .2 2 )  w i t h  e g u a t i o n  
( I .  12) .
9F dP 9F
S S S
F (s) = T (s) * (  (--------- ) * ( --------- ) )  «• CM (s)  * (----------- )
S S 9P dT 9 CM
S S
9-F dP 3 F d p
S SO S SU
+ T ( S )  * ( (  ) (  ) +  ( --------------- ) (----------------) }
SU 9P dT 9p dT
SO SU SU s u
(1 .2 8 )
A l s o ;
dA
V
x (s) = (----------- ) ♦ T (s )  (1 .29)
V dT S
S




  = - 0 . 5 9 3 5 9 3 7 8  ♦ ( 0 . 2 4 6 5 7 8 5 E -4 )T  -  ( 0 .5 8 6 4 0 3 5 E - 8 ) T
d T  S S
S
(1 .3 0 )
Combine e q u a t i o n  (1 .2 9 )  w i t h  e q u a t i o n  ( 1 . 1 3 ) ,  t h e n ,
3F 3F ax 9F
C C V c
F ( S )  = T (s) (---------+ ----------- *--------- ) + (----------- ) *T (s)
C S 3T 3X dT 3 T HE
S 7 S HR
d - 3 1 )
S u b s t i t u t e  eqv t i o n  ( 1 .2 8 )  and  (1 .3 1 )  i n t o  ( 1 .1 1 )  and
s o l v e  f o r  T (s) .
S
9F dP ~ ^ F  dP
1 s  SO s  s u
T ( S )  = ( -----------)-( ------------- * -------------+ --------------- * -------------) * T  ( s )
S CTS 9P dT 8 d T  SO
SO SU PSU SU
3F 9 F
1 C  1 s
-  ( ( ---------) ( ----------- ) ) * T  (s) ♦ C-(--------- ) ( --------- ) ) *CH (s)
CTS 9T HE CTS 9CH
MB
(1 .3 2 )
w h ere  :
CTS =
d p  3 F dP 3F 3F dX
sc s * ?  r r  v
s * y  * ( } .  ( j *  (--------- ) ♦ ( --------- ) ♦--(--------- ) * ( --------- )
E dT 3 P dT 9T 3X dT
S S S S V. s
( 1 .3 3 )
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(5) e n t h a l p y  b a l a n c e  f o r  t h e  r e b o i l e r  m e t a l .
I n  L a p l a c e  d o m a in ,  e g u a t i o n  (4 .6 2 )  i s ,
s*M *C *T ( s )  = 0 *A *T (s) -  0 *A (s)
MR HR MR S S S S S MR
-  0 *A *T (s)  + 0 *A *T (s)  (1 -34)
B B MR B B j
I f  s u b s t i t u t e  T ( s )  i n  t h e  a b o v e  e q u a t i o n  by ( 1 .3 2 )  and
s
s o l v e  f o r  T ( s ) ; t h e n ,
MR
T ( S )  =
MR
0 *A 3p dP 9f dP
1 S S  s so s so
( --------*------------* ( ---------- ) (  ) ♦ (----------) * ( ---------- ) IT ( S )
CMR CTS 3 P dT 3p dT SO
SO SO SO SO
0 *A JTf
1 S S S 1
+ CM { s) * | (--------- ) * ( ------------- ) * (  ) )  + T (s)  *( (--------- ) *0 *A )
CMR CTS 3 CM j  CMR B B
(1 .3 5 )
w h e r e  :
0 *A 3F
s s  c
CMR = s*M *C ♦ 0 *A + 0 *A * (------------- ) * ( ------------)
MR MR S S B B CTS 3T
MR
(1 .3 6 )
E l i m i n a t e  T (s)  f ro m  ( 1 .8 )  by u s i n g  ( 1 . 3 6 ) .
MB
L (S) (HL -  HI ) -  T (s)  * (L * C6 )
j - 1  j  j - 1  j - 1  j - 1  j - 1
-  L (5C7 *X ( s ) )  + V (s)  (HV -  HL )
j - 1  i  i , j - 1  i ,  j “ 1 j  j  j
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+ T ( S )  (V * (2C2 *C1 +C4 ) ♦ U *A ♦ L *C6
j  j  i  i , j  i , j  j  B B j  j
2 2 
U * A
  B B
+ (5 *c6 * s ------------------------ n
j  j  CHR
+ P (s)  (v ♦ (5C2 *C8 ) )
j  j  i  i , j  i , j
♦ (V *C3 ♦ L *C7 ) ♦ s * (H  *C7 ) )  *X (s)
•  •  •  •  _*  -  «  •  •  •  '  •  a
i  j  i r J  j  D
U *A U *A 3 F
B B S S s
= cm (s) *({ ) *i---------- ) *(-------- n
CMR CTS 3CM
U *A U *A 3 F dP 3 F dp
B B S S  S SO S SU
♦ T ( S ) * ( ------------- *------------- * ( -----------*----------- + ------------- *  ) 1
SU CMR CTS 3  P dT 3  p  dT
SO SU SU SU
(1-37 )
(6) p r e s s u r e  d r o p  t h r o u g h  t h e  t r a y .
APTR ( s )  = P ( s ) -  P ( s )
j - 1  j  j - 1
3APTR 3 PTR
j - 1  j - 1
{ ) *WV (s) + ( ) * B (s)  (1 .3 8 )
3 8V j  3 B j - 1
j  j - 1
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b u t ;
H (S) = L (S)*(5HW *X ) ♦ L *(ZMW *X (s)  )
j - 1  j - 1  i  i  i *  j - 1 j - 1  i  i  i »j - 1
HV (s)  = V (s)*(ZMH *Y ) + V *(ZMH *Y (s) )  
j  j  i  i  i , j  j  i  i  I ,  j
Y (s )  = K *X (s)  + X *cT *T (s) + X *C8 *P (s)
i s  j  iff j  i» j  i»  j  iff j  j  i f f j  i , j  j
(1 .3 9 )
Combine e q u a t i o n  ( 1 . 3 9 )  w i t h  e q u a t i o n  ( 1 .3 8 )  an d  
r e - a r r a n g e .
~3ApTB
j “ 1
L ( S )  * ( { -------------------) *(2X *MH ) )  ♦ P ( s )




+ (------------------- ) *L *(ZMH *X (s)  )
9h j - 1  i  i  i » j - 1
j - 1
~3APTH
♦ V ( S )  * (  (------------------- ) * (2 Y  *HW ) 1
j  9HV i  i , j  i
j
3A PTR
j -1 _ -
+ T ( S )  * ( (------------------- ) *V *(2MH *X *C1 ) )
j  3»V j  i  i  i , j i #j
j
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I apt r '
j - 1  _
+ P ( s ) * ( ( ------------------- ) *V *(5MH *X *C8 ) -  1}




+ (  ) * v  *{5HW *K *X (s)  ) = 0  ( 1 . 4 0 )
3WV j  i  i  i , j  i r j
j
w h e re  :
(1) f o r  t r a y  v a l v e  u n i t  p a r t  o p e n e d .
3A PTR HV
j - 1  g j
{------------------ ) = 0 .0 0 0 2 3 1 4 8 *  (-------- ) * ( ---------------------------)
3 HV g 2
j  C pV * AH
j  j - 1  (I-*»1)
(2) f o r  t r a y  v a l v e  u n i t  f u l l y  o p e n e d .
3A PTR HV
j - i  g j
(-------------------) = 0 .0 0 1 2 1  5* ( ) *  (---------------------------)
3 WV g 2
j  c  pV * AH
j  j - 1  (1 .4 2 )
_____________________  _  - 1 / 3  1 /3
3A PTR H
j - 1  g j - 1  j - 1
-= 0 . 0 0 1 7 2 5 8 7 *  (---------------------------) * ( ------------------------------------ )
3 W g LH
j - 1  c  j - 1  (1*43)
APPENDIX J
CONDENSES LAPLACE DOHAIN RELATIONSHIPS
(1) t o t a l  m a t e r i a l  b a l a n c e .
V (s )  -  L ( s )  ♦ V (s)  ( J . 1 )
2 c  C
(2) c o m p o n e n t  m a t e r i a l  b a l a n c e s .
V ♦ Y (s) + Y ♦V (s)  = L *X (s) + X *L (s)
2 i ,  2 i , 2  2 C C , i  C , i  C
+ V ♦ Y (s) + Y *V (s)  ( J . 2 )
C Cf i  C# i  C
(3) e n t h a l p y  b a l a n c e .
HV ♦V (s) + V ♦HV (s)  = L ♦HL (s )  + HL *L ( S )  + V ♦HV ( s )  
2 2  2 2  C C  C C  C C
+ HV ♦V (s) ♦ U ♦A ♦ (T (s )  -  T ( s ) )  ( J . 3 )
C C C C C HC
(4) e q u i l i b r i u m  r e l a t i o n s h i p s .
Y ( s )  = K (s)  ♦ X +C1 ( s ) +  X ♦CQ +P (s)
C#i  C#i  C , i  C#i  C , i  BC C# i  c , i  1
CJ. 4)
(5) su m m a t io n  e q u a t i o n s .
T  X (s)  = 0 ( J . 5 )
i  C , i
X K *X ( S )  ♦ T (s )  ♦ {£ X +C1 ) +
i  C #i  C , i  BC i  C#i  C , i
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+ P ( s ) * ( 2  X *C8 ) = 0 ( J .  6)
1 i  C, i  C , i
(6) p r e s s u r e  r e l a t i o n s h i p s .
P (s) = P (s)  -  a P (s) ( J . 7 )
1 2 s
2 * CP *(ZHH * Y (s)  1
2 * CP i  i  i , 2
A P (s)  =  (------------- ) *  V (s) + ---------------------------------------------
s  V 2 Z Y * HW
2 i  i ,  2 i
( J . 8 )
(7) p r o c e s s  s i d e  t e m p e r a t u r e  a p p r o x i m a t i o n .
T (s )  = T (s)  ( J . 9 )
C BC
(8) p r o c e s s  t h e r m a l  p r o p e r t i e s .
HL (s)  = C6 *T ( s )  + ZC7 * X (s)  ( J .  10)
C C BC i  C , i  C , i
H? (s) = {Z C2 *C1 ♦ CH ) *T ( s )  + ZC3 *X (s)
C i  C, i  C , i  C BC i  C , i  C , i
+ (2 C2 *C8 ) *P (s) ( J .  11)
i  C, i  C, i  1
(B) e n t h a l p y  b a l a n c e  f o r  t h e  c o n d e n s e r  m e t a l .
I f  t h e  t i m e  d om ain  m e t a l  e n t h a l p y  b a l a n c e  i s  l i n e a r i z e d ,
L a p l a c e  t r a n s f o r m e d  a n d  s l o v e  f o r  T (s) ; t h e n ,
HC
T (s)  = CTC *T (s)  + CTB * TW(s) ( J .  12)
HC BC
w h e re  :
U *A 
C C
CTC  -----------------------------------------------------  ( J . 1 3 )
H *C *s ♦ 0 *A + 0 *A 




CTW  --------------------------------------------------------------------- ( J .  14)
H *C * S  + 0  *A ♦ B *A 
HC HC C C B B
(C) c o n d e n s e r  c o o l a n t  s i d e  e n t h a l p y  b a l a n c e .
I f  t h e  t i m e  dom ain  m e t a l  e n t h a l p y  b a l a n c e  i s  l i n e a r i z e d ,
L a p l a c e  t r a n s f o r m e d  an d  s l o v e  f o r  T (s) ; t h e n ,
B
T (S) = CTB0 * TW (s)  + CTFW * F (s)  + CTHC * T (s)
B IN W HC
w h ere  :
( J .  15)
p  *F *C 
W H H
CTB 0      ( J .  16)
V * p *C *s  + p *F *C + U *A 
B B B  B B B  B B
0 * A 
B B
CTHC      ( J .  17)
V *p *C * s  + P *F *C + 0  *A 
B B B  B B B  B B
p *C * (TB -  T )
B B IN B
CTFB  ---------------------------------------------------------   (J .  1 8)
V *p *C * s  + p *F *C + 0  * A 
B B B  B B B  B N
I f  s u b s t i t u t e  t h e  T (s)  i n  ( J . 1 5 )  by ( J . 1 2 )  ,  t h e n ,
HC
T (s)  = CTB1 * TB ( s )  + CTB4 * F (s)  ♦ CTB2 * T (s)
B IN B BC
( J . 1 9 )




1 -  CT AC *CTW
CTHC^CTC
CTW 2  ------------------ --------
1 -  CTMC+CTW
CTFB
1 ~ CTMC*CT8f ( J .  20)
(D) r e f l u x  drum e q u a t i o n s .
(a) v a p o r  p h a s e .
(1) t o t a l  m a t e r i a l  b a l a n c e .
I f  b o t h  e q u a t i o n  ( 4 . 8 9 )  and  e q u a t i o n  ( 4 .9 0 )  a r e
l i n e a r i z e d  and  L a p l a c e  t r a n s f o r m e d ,  t h e s e  two e q u a t i o n s




s * (    ) * P  ( s )  -  s*  (--------------- ) *T (s)  -  V ( s )  *■ SSV (s)
R*T 1 2 BC C 1
BC R*T
BC
= 0 (J .  21)
(2) c o m p o n e n t  m a t e r i a l  b a l a n e s .
Y (s)  = Y (s)  ( J .  22)
1 , 1  C,1
(3)  e n t h a l p y  b a l a n c e .
T (s)  = T (s )  ( J . 2 3 )
V BC
(4) t h e r m a l  p r o p e r t y .
HV (s)  = HV (s )  ( J . 24)
1 C
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(b)  l i q u i d  p h a s e .
(1) t o t a l  m a t e r i a l  b a l a n c e .
S*M (s)  = L (s)  -  L ( s )  -  SSL (s) ( J . 25)
1 C 1 1
(2) c o m p o n e n t  m a t e r i a l  b a l a n c e s .
(H * S  * L ♦ SSL ) *X ( S )  
1 1 1 i ,  1
(3) e n t h a l p y  b a l a n c e .
(M * s  + L ♦ SSL ) *HL (S) -  L *HL (S) = 0 
1 1 1 1  C C
(4) l e v e l  c o n t r o l l e r  e q u a t i o n s .
( c a s e  1) SSL (s)  = KCL * H (s)
1 1
( c a s e  2) L ( s )  = KCL * H (s)
1 1
(5) t h e r m a l  p r o p e r t y .
HL (s) = C6 *T (s )  ♦ 2C7 * X ( J . 3 0 )
1 1 1  i  i , 1  i , 1
The a b o v e  L a p l a c e  dom ain  c o n d e n s e r  e q u a t i o n s  s e t  c a n  be
f u r t h e r  s i m p l i f i e d  by e l i m i n a t i n g  X (s)  ,  HL (s)  ,  HV (s)  ,
C , i  C C
I  ( s ) ,  P ( s ) , i P  ,  L is), V (s) ,  H ( s ) ,  HL (s)  , HV ( s ) ,
H I  (s)  C C 1 1 1
T ( s ) ,  Y (s)  a n d  Y ( s ) .
HC i , 1 c , i
Then t h e  r e s u l t i n g  e q u a t i o n s  a r e  l i s t e d  b e lo s r  :
(1)
I  X (s)  = 0 ( J .  31)
i  i#  1
( J . 2 7 )
(J  .  28) 
(J .  29)
-  L *X (s )  = 0  ( J . 2 6 )
C C , i
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(2) For  i  = 1 t o  NC-1.
CCA *V *P
  i  D 1
T ( S )  * ( -  (V - L  ) *X *C1 -  S * -( ------------------------------- ) )
BC 2 C C , i  C, i  2
R*T
BC
f H *S 1
I I  _  _  I
-  X (s )  * J (—  ------ ♦ 1) *(L  ♦ (V — L ) *K ) l
i ,  1 | L C 2 C C , i  |
I c  J
r_ _ 2 *cp _ _
+ V ( s ) * j y  -Y + (  ) (X *C8 ) (V -L )




-  CCA * (  (-----   )-(----- - ~ )  ♦ 1) |
i  R*T V I
BC 2
+ T ( S ) * l  (V *X *C? ) ♦ ( (V -L ) * (X *C8 )
2 I  2 i ,  2 i f  2 2 C C , i  C , i
CCA *V *s
i  D   _   )
-  (   ))*BBB*(SHB X *C1 ) |
R*T m bi 0 , 2  a , 2  J
BC
♦ P ( s ) * [ ( V  *X *C8 ) -  (1 -  BBB*(2HH *X *C8 ) )
2 ( 2 i , 2  o m o ,  2 o , 2
V *s
D _  _  _  _ _  1
*(-CCA * ( ------------- ) + (V -  L ) * ( X  *C8 ) l |




  __  D
+ (XHH *K *X ( S ) ) * ( ( V  -L )*(X  ♦ CS ) -  CCA * ( --------- ) )
a a  m, 2 a , 2 2 C C , i  C , i  i  E*T
a / i  BC
♦BBB
V ♦s
f _ _  _ _  __ __  D
♦ x  ( s ) * i v  * k  ♦ ( (v - l  ) ♦  (x ♦ c s  ) —CCA * ( --------— ) }
i , 2  J, 2 i ,  2 2 C C , i  C , i  i  R*T
  _ 'I
♦ B B B ♦ K  | 
i  i , 2 j
BC
= SSV (s) * (-CCA ) 
1 i
( J . 32)
(3)
0 * s  
1
T (s)  ♦ (5X ♦Cl ) + 5K ♦ (  —    + 1) *X (s)
BC i  C , i  C , i  i  C , i  L i ,  1
C
* V ( s )  ♦
2
+ T (s)  ♦
2
♦ P ( s ) ♦
2
2+CP   1
-  £ ( ~ z — ) (x ♦cs ) |
i V  C,i C,i J
2
-  2(X ♦CS ) *(BBB*{ZNH ♦X ♦Cl ) ) |  
i  C , i  C , i  a a a,2 a,2 j
I (X ♦CS )♦(! - BBB* (ZMR *X *C8 ) )^j
i C,i C #i a a a,2 a,2 J
(±(X ♦CS ) )*BBB*( 2MW ♦K *X (s) ]  = 0 
a  C , a  C , a  i  i  i , 2  i , 2 ( J .3 3 )
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<<»)
T ( s ) * ( -  L *C6 ) + T ( s ) * (C 6  *(H * s  ♦ L + SSL ) )
BC C C 1 1 1  1 1
M * s
_         1
♦ 2((M *s  * l +SS1 ) *C7 -  L *C7 * ( — - —  +1))X (s)  = 0
i  1 1 1 i , 1  C C , i  L i  ,  1
C
(J .  34)
(5)
f .  _  __
T ( s ) * J -  L *C6 -  (V -  L ) (5C2 *C1 + C4 ) -  0 *A
BC ( C C 2 C i  C, i  C# i  C C C
S * V  * P
D 1 1
♦ D *A *CTC + U *A *CTH*CTW2 + CCB* (---------------------) |




_ _ _ _ 1 
-  5(L *C7 +(V -L ) *C 3  + (s)
1 C C , i  2 C C, i  L i ,  1
C
f     _     2*CP
♦ V ( s )  *|HV -  HV +(V -  L ) * (£C2 *C8 )*{--------------)
2 { 2  C 2 C i  Cr± C,i V
2
V * s
  D 2*CP )
♦ CCB* ( (---------------) ( --------~>  + 1)|
H * T  V I
BC 2
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r_ __ _  __   __
♦ T ( S ) * | V  *(5C2 *C1 + C4 ) + BBB*(ZHH *X *C1 ) *
2 ( 2 i  i , 2  i , 2  2 m m  m, 2 n . 2
V * s
    D
((V -L  ) * ( 5 C 2  *C8 ) + CCB* (----- ------- ))
2 C i  C , i  C , i  R*T
BC
-  0 . 5 * 0  *A + 0 . 5*CTC*U *A + U *A *CTH*CTW2|
C C C C C C )
♦ P ( s ) * f ?  * (2C2 *C8 ) -  ( (V  -  L ) (5.C2 *C8 )
2 [ 2 i  i , 2  i ,  2 2 C i  C, i  Cax
V *s
♦ CCB*{------— ) ) * ( 1 -  BBB*(Saw *x *C8 ) ) j
R*T m m m,2 m,2 I
BC
V *s
♦ i j  V *C3 + ( ( 7  -  L ) *AAA + CCB* (----- Z--) )*(BBB*MH *K ) |
i (  2 i  ,2 2 C R*T i  i , 2  J
BC
*X ( S )  
i  #2
= TH (s) * ( -0  *A *CTW*CTR 1) ♦ F (s)  * ( -0  *A *CTW*CTR4)
IN C C V C C
+SSV (s) * (CCB) ( J .  35)
1
( c a s e  1) t h e  r e f l u x  d r u n  l e v e l  c o n t r o l l e r  c o n t r o l s  t h e  
d i s t i l l a t e  f lo w  r a t e .
s*V *P V * s
D 1 f D 2*CP "1
T { s ) * ( -------------------- ) + V ( s ) * | - ( ------   -  1 ,





f  D____________ _  1
"  T ( s ) * l ( ~ — - — ) * B B B * a n i  *X *C1 ) J
2 I R*T m m m,2 m ,2 J
BC
V * s
f  D   1
+ P CS)*| (----- --— ) * ( 1  -  BBB*(IMW *X *C8 ) ) |
2 I R*T a m a , 2 a,2 l
BC
V * s  A * p * s
D   _  1 1
-  (-------------)*BBB*(2MH *K *X ( S ) )  + SSL ( s ) * ( 1 t --------------- )
B*T i  i  x,2 i ,  2 1 KCL
BC
= -  L Cs) -  SSV (s)  ( J .  3 6 )
1 1
( c a s e  2) t h e  r e f l u x  drum l e v e l  c o n t r o l l e r  c o n t r o l s  t h e
r e f l u x  f l o w  r a t e .
s*V *P v * s
D 1 f  D 2*CP T
T ( s ) * ( ---------------------) ♦ V ( s ) * | - ( ----- r ----- ) (— -------) -  1 J




f  D _____  _ _  1
-  T ( S ) * |  (------— ) *BBB*(IMW *X *C1 ) |
2 R*T m m m,2 d , 2  J
BC
V * s
f  D _ _  1
♦ P ( s ) * J ( —  - — ) * (1 -  BBB*(ZBH *X *C8 ) ) |
2 i H*T o m m,2 m,2 I
BC
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V *S A * p * s
D ___  _  1 1
- ( -----   )*BBB*(SHH *K *X (S) j  + L (s )  * M + -------- )
H*T i  i  i,2 i, 2 1 KCL
BC




BBB  -------------------  (J  o 3 8)
£hs *y
1 1 1 , 2
AAA = IC2 *C8 ( J .  39)
m C, id C,m
CCA = X -  Y ( J .  40)
1 C , i  C , i
CCB = HV -  HL ( J . 41)
C C
APPENDIX K
STEADY STATE DISTILLATION COLOMN DESIGN MANUAL
T h i s  s t e a d y  s t a t e  d i s t i l l a t i o n  co lum n p ro g ra m  was 
f i r s t  s e t  up by K u r t  Kominek on A u g u s t  3 0 ,  1979 .  Then i t  
i s  r e - m o d i f i e d  b y  C h i e n  Nang a t  J a n .  2 2 ,  19 8 0 .
T h i s  p ro g ram  p e r f o r m s  r a t i n g  c a l c u l a t i o n s  f o r  a 
co m p lex  m u l t i - c o m p o n e n t  d i s t i l l a t i o n  c o lu m n ,  m u l t i p l e  f e e d ,  
p r o d u c t s ,  i n t e r - s t a g e  h e a t e r s  o r  c o o l e r s .  The m i x t u r e  t o  
be s e p a r a t e d  c a n  h a v e  an y  d e g r e e  o f  l i g u i d  p h a s e  
n o n - i d e a l i t y .  The v a p o r  p h a s e  i s  a s su m e d  t o  b e  i d e a l .
S i n c e  e n t h a l p y  d a t a  a r e  r e q u i r e d ,  i t  i s  n o t  n e c e s s a r y  t o  
a s su m e  a n  e g u i m o l a l  o v e r f l o w  m o d e l .  T h r e e  t y p e s  o f  
c o n d e n s e r s  a r e  p o s s i b l e ,  t o t a l ,  p a r t i a l  o r  n o n e .  The 
co lum n must  h a v e  a p a r t i a l  r e b o i l e r .  The num ber  o f  
e g u i l i b r i u m  s t a g e s ,  t h e  co lum n p r e s s u r e  p r o f i l e ,  t h e  f e e d  
r a t e ,  a n d  t h e  f e e d  c o m p o s i t i o n  m ust  be g i v e n .  I n  a d d i t i o n  
t h e  r a t e  o f  e a c h  p r o d u c t  b u t  o n e  an d  r e f l u x  r a t i o  m us t  be 
s p e c i f i e d .
The b a s i c  s o l u t i o n  method  i s  b a s e d  on t h e  Wang-flenke 
method (H y d ro c a r b o n  P r o c e s s i n g ,  VOL. h 5 ,  NO 8 ,  A u g u s t  1 9 6 6 ) .  
T h i s  m ethod  r e q u i r e s  a n  i n i t i a l  co lu m n  p r o f i l e  o f  
t e m p e r a t u r e ,  l i q u i d  a n d  v a p o r  r a t e s ,  and  l i q u i d  and  v a p o r  
c o m p o s i t i o n s .  The c o n v e r g e n c e  o f  t h i s  i t e r a t i v e  p r o c e d u r e
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d e p e n d s  on how good t h e  i n i t i a l  p r o f i l e s  a r e .  C o n v e r g e n c e  
i s  a i d e d  by t h e  H o l l a n d ' s  T h e t a  method and  a  p a r t i a l  
s u b s t i t u t i o n  dam ping  f a c t o r .  I f  t h e  s y s t e m  i s  a new 
p r o c e s s ,  e q u i m o l a r  o v e r f l o w  model  s h o u l d  be r u n  f i r s t  i n  
o r d e r  t o  g e t  an i d e a l  o f  t h e  co lu m n  p r o f i l e  o f  t h e  e n t h a l p y  
m ode l .
The i n p u t  d a t a  m u s t  be  p r e p a r e d  a s  f o l l o w s  :
(A) DATA RECOBD A :
(a) One r e c o r d .
(b) FORMAT : I 2 ,1 9 A h , A 2
(c) T h i s  i s  a  h e a d e r  r e c o r d  f o r  t h e  p h y s i c a l  p r o p e r t y  
d a t a  s e t .  The f i r s t  two c o lu m n s  c o n t a i n  t h e  number 
o f  c o m p o n e n t s  ( r i g h t  j u s t i f i e d ) .  The  n e x t  78 
c o lu m n s  w i l l  b e  p r i n t e d  a t  t h e  t o p  o f  t h e  f i r s t  
p a g e .  T h i s  r e c o r d  s h o u l d  i d e n t i f y  t h e  c o m p o n e n t s  a s  
w e l l  a s  i n d i c a t e  a n y  s p e c i a l  a t t r i b u t e s  o f  t h e  
c o m p o n e n t s .
(B) DATA RECORD SET B :
(a) p h y s i c a l  p r o p e r t y  d a t a  r e c o r d  s e t ,  t h r e e  r e c o r d s  f o r  
e a c h  co m p o n e n t .
(b) f i e l d s  f o r  t h e  f i r s t  d a t a  r e c o r d  :
FORMAT : 2 A 4 ,2 X ,7 E 1 0 .0
(1) name o f  t h e  c o m p o n e n t .
(2) m o l e c u l a r  w e i g h t .
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( 3 ) - ( 8 )  A n t o i n e  c o e f f i c i e n t s ,  ANTA, ANTB, ANTC, 
f o r  c a l c u l a t i n g  v a p o r  p r e s s u r e  w i t h  v a p o r  
p r e s s u r e  i n  BMHG and  t e m p e r a t u r e  T i n  F.
LN ( v a p o r  p r e s s u r e )  = ANTA -  ANTB/(T+ANTC)
(c) f i e l d s  f o r  t h e  s e c o n d  d a t a  r e c o r d  :
FORMAT : 8E10-0
(1) c o m p o n e n t  c r i t i c a l  t e m p e r a t u r e ,  K.
(2) c o m p o n e n t  n o r m a l  b o i l i n g  t e m p e r a t u r e ,  K.
(3) co m p o n en t  h e a t  o f  v a p o r i z a t i o n  a t  t h e  n o r m a l  
b o i l i n g  t e m p e r a t u r e ,  CAL/GHOLE.
( 4 ) - ( 8 )  c o e f f i c i e n t s  C l ,  C2, C3, C4, C5 f o r  
c a l c u l a t i n g  v a p o r  e n t h a l p y  HV, w i t h  t e m p e r a t u r e  
T i n  F and HV i n  BTtJ/LBMOLE.
HV=C 1+ (C2*T) + (C3*T**2) + (C4*T**3) + (C5*T**ft)
(d) f i e l d s  f o r  t h e  t h i r d  d a t a  r e c o r d  :
FORMAT : 8 E 1 0 .0
( 1 ) - { 6 )  c o e f f i c i e n t s  B1, B2,  B3,  B4,  B5,  B6 f o r
c a l c u l a t i n g  l i q u i d  e n t h a l p y  HL, w i t h  t e m p e r a t u r e  
T i n  F and  HL i n  BTtJ/LBMOLE.
HL=B1*(B2*T) + (B3*T**2) ♦(B4*T**3) + (B5*T**U)
+ (B6*T**5)
(C) DATA RECORD SET C
(a) i n i t i a l  m o le  f r a c t i o n  e s t i m a t i o n  f o r  t h e  t o p  and 
b o t t o m  l i q u i d  c o m p o s i t i o n s ,  two  d a t a  r e c o r d s  p e r  
s e t .
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(b) f i e l d s  f o r  t h e  f i r s t  d a t a  r e c o r d  
FORHAT : 8 E 1 0 .0
(1 ) -C 8 )  i n i t i a l  e s t i m a t e  f o r  t h e  d i s t i l l a t e  
c o m p o s i t i o n s .
(c) f i e l d s  f o r  t h e  s e c o n d  d a t a  r e c o r d  
FORHAT : 8 E 1 0 .0
(1) -  (8) i n i t i a l  e s t i m a t e  f o r  t h e  r e s i d u e  c o m p o s i t i o n s .
(D) DATA RECORD D :
(a) o n e  r e c o r d
(b) FORHAT : 20A4
(c) T h i s  i s  a  h e a d e r  r e c o r d .  A l l  80 c h a r a c t e r s  w i l l  be 
p r i n t e d  a t  t h e  t o p  o f  e a c h  new p a g e .
( E )  DATA RECORD E :
(a) c o n t r o l  d a t a  r e c o r d .
(b) f i e l d s  f o r  r e c o r d  E :
FORHAT : 815
(1) number  o f  s t a g e s .
(2) number  o f  c o m p o n e n t s .
(3) maximum num ber  o f  i t e r a t i o n s .
(4) f l a g  f o r  e q u i m o l a r  o v e r f l o w .
0 means e g u i m o l a r  o v e r f l o w  m odel  i s  a s s u m e d .
1 m eans  e n t h a l p y  m o d e l  i s  a s s u m e d .
(5) f l a g  f o r  i n t e r - s t a g e  h e a t e r s  o r  c o o l e r s .
0 means n o n e .
1 means  o n e  o r  more h e a t e r s  o r  c o o l e r s .
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(6) f l a g  f o r  p r i n t  o p t i o n  o f  f i n a l  s o l u t i o n .
0 means  p r i n t  o n l y  s t a g e s  w i t h  f e e d s ,  p r o d u c t s ,  
h e a t e r s  o r  c o o l e r s .
1 m eans  p r i n t  i n f o r m a t i o n  f o r  e v e r y  s t a g e .
(7) f l a g  f o r  p l o t  o p t i o n
0 men a s  no  p l o t s .
1 means  p l o t  v a p o r  an d  l i q u i d  c o m p o s i t i o n  (mole 
f r a c t i o n )  . v s .  s t a g e s .
(8) f l a g  f o r  H o l lan d *  T h e t a  m e th o d .
0 means  u s e  T h e t a  m ethod  t o  a i d  t h e  c o n v e r g e n c e .
1 means  do n o t  u s e  t h e  T h e t a  m e th o d .
(F) DATA RECORD F :
(a) d a t a  t o  i n i t i a l i z e  t h e  c o l u m n .
(b) f i e l d s  f o r  r e c o r d  F :
FORHAT : 8 E 1 0 .0
(1) r e f l u x  r a t i o ,  ( r e f l u x / ( d i s t  l i g + d i s t  vap)
(2) s t a g e  1 p r e s s u r e ,  P S I .
(3) r e b o i l e r  p r e s s u r e ,  PSI .
(4) s t a g e  1 e s t i m a t e d  t e m p e r a t u r e ,  F.
(5) r e b o i l e r  e s t i m a t e d  t e m p e r a t u r e ,  F.
(6) p r e s s u r e  d r o p  f rom  c o n d e n s e r  t o  s t a g e  1 ,  P S I .
(G) DATA RECORD G :
(a) i n f o r m a t i o n  f o r  t h e  c o lu m n  c o n v e r g e n c e .
(b) f i e l d s  f o r  r e c o r d  G :
FORHAT : 8 E 1 0 .0
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(1) dam ping  f a c t o r  f o r  t e m p e r a t u r e ,  ( 0 . 1 - 2 - 0 ) .
(2) d am ping  f a c t o r  f o r  l i q u i d / v a p o r  f lo w  r a t e ,
(0 .  1- 2 . 0 ) -
(3) r e l a t i v e  e r r o r  t o l e r a n c e  f o r  t e m p e r a t u r e .
(4) r e l a t i v e  e r r o r  t o l e r a n c e  f o r  v a p o r  f l o w .
(5) r e l a t i v e  e r r o r  t o l e r a n c e  f o r  l i q u i d  mole  f r a c t i o n .
(6) minimum t e m p e r a t u r e ,  F. I f  l e f t  b l a n k ,  t h i s  i s
t h e  s t a g e  on e  t e m p e r a t u r e  minus  100 .
(7) maximum t e m p e r a t u r e ,  F. I f  l e f t  b l a n k ,  t h i s  i s
t h e  s t a g e  o n e  t e m p e r a t u r e  p l u s  100.
(H) DATA RECORD H :
(a) Murphee e f f i c i e n c y .
(b) f i e l d s  f o r  r e c o r d  H :
FORMAT : I I , 9 X , 2  ( 1 3 , 7 1 ) , E10.0
(1) f l a g  t o  i n d i c a t e  a n o t h e r  s t a g e  e f f i c i e n c y  d a t a  
r e c o r d .
0 means  t h e r e  i s  a n o t h e r  r e c o r d .
1 m eans  t h e r e  a r e  no more d a t a  r e c o r d s .
(2) s t a g e  num ber  f o r  t h e  b e g i n n i n g  o f  t h e  p l a t e  
e f f i c i e n c y .
(3) s t a g e  number  f o r  t h e  en d  o f  t h e  p l a t e  e f f i c i e n c y .
(4) M u rp h re e  e f f i c i e n c y  ( f r a c t i o n )  f o r  t h e  a b o v e  
s e c t i o n  s t a g e s .
( I )  DATA RECORD SET I  :
(a) f e e d  s t r e a m  d a t a  r e c o r d s ,  two r e c o r d s  f o r  e a c h  f e e d
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s t r e a m .
(b) f i e l d s  f o r  t h e  f i r s t  d a t a  r e c o r d  :
FORMAT z I 1 , 9 X , I 3 , 7 X , 2 E 1 0 . 0
(1) f l a g  t o  i n d i c a t e  a n o t h e r  f e e d  s t r e a m  d a t a  r e c o r d .
0 means  t h e r e  i s  a n o t h e r  s t r e a m .
1 means t h e r e  a r e  no more s t r e a m s .
(2) s t a g e  number  w h e re  f e e d  e n t e r s .
(3) F o r  e q u i m o l a r  o v e r f l o w  m o d e l ,  t h i s  i s  t h e  f e e d  
l i q u i d  f r a c t i o n .  F o r  e n t h a l p y  m o d e l ,  t h i s  i s  t h e  
u p s t r e a m  t o t a l  p r e s s u r e ,  P S I .
(4) u p s t r e a m  f e e d  t e m p e r a t u r e ,  F ,  i f  e n t h a l p y  model  
i s  u s e d .
(b) f i e l d s  f o r  t h e  s e c o n d  d a t a  r e c o r d  :
FORMAT : 8 E 1 0 .0
( 1 ) - ( 8 )  f e e d  r a t e  o f  e a c h  c o m p o n e n t ,  LBMOLE/TIME.
(J)  DATA RECORD J  :
(a) p r o d u c t  s t r e a m  d a t a  r e c o r d .
(b) f i e l d s  f o r  r e c o r d  J  :
FORMAT : I I , I 9 , 2 E 1 0 . 0
(1) f l a g  t o  i n d i c a t e  a n o t h e r  p r o d u c t  s t r e a m  d a t a  
r e c o r d .
0 means  t h e r e  i s  a n o t h e r  r e c o r d .
1 means t h e r e  a r e  no more d a t a  r e c o r d s .
(2) s t a g e  number  o f  p r o d u c t  s t r e a m .
(3) l i q u i d  f l o w  r a t e s ,  (LBmole/TIME) .
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(4) v a p o r  f l o w  r a t e s ,  (LBmole/TIME) .
(K) DATA BECOHD K :
(a) i n t e r - s t a g e  h e a t e r  o r  c o o l e r  d a t a  r e c o r d .
(b) f i e l d s  f o r  r e c o r d  K :
FORMAT : I 1 , I 9 , E 1 0 . 0
(1) f l a g  t o  i n d i c a t e  a n o t h e r  i n t e r - s t a g e  h e a t e r  o r  
c o o l e r  d a t a  r e c o r d .
0 means t h e r e  i s  a n o t h e r  r e c o r d .
1 means t h e r e  a r e  no more d a t a  r e c o r d s .
(2) s t a g e  number  o f  i n t e r - s t a g e  h e a t e r  o r  c o o l e r .
(3) d u t y  f o r  t h e  i n t e r - s t a g e  h e a t e r  o r  c o o l e r ,  
BTU/TIME.
NOTE 1 :
The  l i q u i d  p h a s e  a c t i v i t y  c o e f f i c i e n t s  a r e  c a l c u l a t e d  
t h r o u g h  a  u s e r  s u p p l i e d  s u b r o u t i n e  GAMMA. The f o l l o w i n g  
s u b r o u t i n e  i s  u s e d  i f  t h e  u s e r  d o e s n o t  s u p p l y  o n e .  I n  t h i s  
c a s e ,  an i d e a l  l i g u i d  p h a s e  i s  a s s u m e d .




C GAM (I )  = LIQUID ACTIVITY COEFFICIENTS OF COMPONENT I
C NC NUMBER OF PROCESS COMPONENTS IN THE
C  DISTILLATION COLUMN
C J  STAGE NUMBER.
C X ( I , J )  = LIQUID HOLE FRACTION OF COMPONENT I  OF STAGE
C J .
C I L  DUMMY VARIABLE.
C IH DUMMY VARIABLE.
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C
DIHENSION GAM (16) ,  X ( IL , IH )
DO 10 1=1 #NC 




The d a t a  b a s e  o f  t h e  e n t i r e  c o m p u t e r  p r o g ra m  s t r u c t u r e  
i s  shown i n  FIG ( 1 ) .  D a t a  b a s e  1 i s  t h e  n e c e s s a r y  
i n f o r m a t i o n  t o  r u n  t h i s  s t e a d y  s t a t e  p r o g r a m .  Two s e t s  o f  
s t e a d y  s t a t e  p r o f i l e ,  d a t a  b a s e  2 and  3 ,  a r e  g e n e r a t e d  by 
t h i s  s t e a d y  s t a t e  p r o g ra m  t h r o u g h  p ro g ra m  o u t p u t  u n i t  
FT02F001 a n d  FT03F001.  T he  d a t a  b a s e  2 i s  u se d  f o r  t h e  
m e c h a n i c a l  d e s i g n  p ro g ra m  and  t h e  d a t a  b a s e  3 i s  u se d  f o r  
t h e  c o n s t a n t s  g e n e r a t i o n  p ro g ra m  o f  t h e  p r o c e s s  f r e q u e n c y  
r e s p o n s e  a n a l y s i s .
EXAHPLE 1 ••
T h i s i s  t h e  e n t h a l p y  usodel f o r  d e - i s o b u t a n i z e r .  T h e r e  a r e  t h i r t y  t h r e e
s t a g e s  i n c l u d i n g  t h e  c o n d e n s e r  an d  t h e r e b o i l e r .  T o t a l  c o n d e n s e r  i s  s t a g e  o n e
a n d  t h e  r e b o i l e r  i s  s t a g e  33 .  Feed  s t a g e  i s  17 an d  t h e  f e e d  i s  a l l  l i q u i d .
2 DEISOBUTANIZER (A)
I-BUTANE 5 8 .1 2 4  1 5 .5 3 8 1  2 0 3 2 .7 3 - 3 3 .  15 (B.1)
4 0 8 . 1 2 6 1 .3  5 0 9 0 . 0  14704 .73 2 0 .3 8 6 9 6  .0 1 9 6 4 1 6 4  - . 3 9 9 0 6 E - 5 .2 9 6 4 2 5 E - 9 (B. 2)
5 4 7 4 . 0 1 5 8 1 3 0 . 6 4 0 2 2 2 9 4 . 0 6 448E -2 - 9 . 7 1 8 3 E - 8 (B.3)
R-BUTANE 5 8 .1 2 4  1 5 .6 7 8 2  2 1 5 4 . 9 - 3 4 . 4 2 (B.1)
4 2 5 . 2 2 7 2 . 7  5 3 5 2 . 0  1 6 0 7 3 .3 8 8 2 0 .7 7 0 6 5  .0 1 8 2 5 9 1 4  - . 2 6 7 0 1 E - 5 . 2 8 8 9 2 E - 10 (B.2)
6 0 6 0 . 5 7 2 0 7 2 2 . 2 2 1 0 5 7 1 7 . 5 8 2 9 9 E-2 - 1 . 6 4 1 5 E - 7 (B.3)
0 . 9 4 2 0 .0 5 8 4 (C.1)
0 .0 5 8 5 0 . 9 4 2 (C.2)
DEISOBUTANIZER ENTHALPY HODEL » P(PS I )  T(F) FLOW FATE (MOLE/TIME) (D)
33 2 500 1 1 (*)
6 . 0 1 8 0 .5 6  1 8 3 .5  1 6 0 .0 222 .  12 0 . 3 (F)
1 .0 1 .0  0 .01  0 .01 0 .01 (G)
1 2 33 0 .8 (H)
1 17 1 9 0 .0  1 1 2 .0 (1-1)
3 0 0 . 0 3 0 0 . 0 (1 .2 )
1 13 0 0 .0 (J)
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EXAMPLE 2 :
T h i s  i s  t h e  e n t h a l p y  model  f o r  b e n z e n e  -  t o l u e n e  -  p - x y l e n e  s y s t e m .  T h e r e
a r e  s e v e n  s t a g e s  i n c l u d i n g  t h e  c o n d e n s e r  and  t h e  r e b o i l e r .  T o t a l  c o n d e n s e r  i s
s t a g e  one and  r e b o i l e r  i s  s t a g e  7 .  Feed s t a g e  i s s t a g e  4 an d  t h e  f e e d  i s  a
f l a s h  f e e d  w h ich  c o n s i s t s  o f  b o th  l i g u i d  and v a p o r
03 P. P DATA FOB ETX SYSTEM (A)
BENZENE 7 8 . 1 0 5  1 5 .9 0 0 8  2 7 8 8 .5 1  - 5 2 . 3 6 (B.1)
5 6 2 .1 0  3 5 3 .3 0  7 3 5 2 . 0  1 9 5 7 2 .2 2 7  .1643156E2 . 2 2 1 6 8 3 E - 1 - . 6 0 7 0 3 E - 5 . 7 3 0 0 2 4 E - 9 (B. 2)
4 7 8 8 . 8 1 7 1 7 3 5 .8 1 5 7 1 8 9 8 . 0 2 2 3 E - 11 (B.3)
TOLUENE 9 2 .1 3 4  1 6 .0 1 3 7  3 0 9 6 .5 2  - 5 3 . 6 7 (B.1)
5 9 1 . 7  3 8 3 . 8  7 9 3 0 . 2 2 3 0 8 . 2 1  2 1 .3 4 5 1 7 .0 2 5 2 6 0 9  - . 5 8 7 0 1 E - 5 . 5 0 2 R 2 9 E - 9 (B.2)
5 3 0 9 .5 5 0 1 7 4 0 .7 1 7 6 1 3 8  .2 7 6 4 2 3 E - 4 (B.3)
P-XYLENE 1 0 6 .1 6  1 6 .0 9 6 3  3 3 4 6 .6 5  - 5 7 . 8 4 (B.1)
6 1 6 . 2  4 1 1 . 5  8600 .  25200 .  108 25 .89301 0 .  0295295 1 - . 7 0 0 5 2 E - 5 . 6 9 8 3 0 2E-9 (B.2)
1 1 5 1 5 .2 8 2 4 6 7 .4 3 9 4 0 4 8 0 .0 4 9 3 1 4 9 6 (B.3)
0 . 7 9 2 4  0 .1 7 7 8  0 .C2972 (C.1)
0 .2 0 7 3  0 .4 2 2 3  0 .3 7 0 4 (C. 2)
BTX SYSTEM TEMP (F) :  FLOW (MOLES) : PRESSURE (PSIA) (0)
7 3 50 1 1 (B)
0 . 2  1 4 .7  15 .7  196. 226. 0 . 3 (P)
0 . 5  0 . 5  0 .0 1  0 .01  0 .01 (G)
1 2 6 0 .8 (H)
1 4 1 8 .7  2 2 0 .0 (1 .1 )
5 0 1 . 0  3 0 0 . 0  2 0 1 .0 (1 .2 )
1 1 5 0 1 .0 (J)
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EXAMPLE 3 :
T h i s  i s  t h e  e n t h a l p y  model  f o r  b e n z e n e  -  t o l u e n e  s y s t e m .  T h e r e  a r e  21 
s t a g e s  i n c l u d i n g  t h e  c o n d e n s e r  and  t h e  r e b o i l e r .  T o t a l  c o n d e n s e r  i s  s t a g e  one 
and  r e b o i l e r  i s  s t a g e  21 .  F e e d  s t a g e  i s  s t a g e  15 and t h e  f e e d  i s  a l l  l i q u i d .
02 P .P  DATA FOR 
BENZENE 7 8 .1 0 5
5 6 2 .1 0  3 5 3 .3 0
4 7 8 8 . 8 1 7 1 7 3 5 .8 1 5 7 1 8 9
BENZENE-TOLUENE SYSTEM (SEPERATION HANDBOOK 1-36) (A)
1 5 .9 0 0 8  2 7 8 8 .5 1  - 5 2 . 3 6  (B.1)
1 6 4 3 1 5 6 E 2 . 2 2 1 6 8 3 E - 1 - . 6 0 7 0 3 E - 5 . 7 3 0 0 2 4 E - 9  (B.2)
8 .  0223E- 11 (B.3)
7 3 5 2 .0  19572 .227
TOLUENE 9 2 .1 3 4 1 6 .0 1 3 7  3 0 9 6 .5 2 - 5 3 . 6 7 (B.1)
591 . 7  3 83 . 8 7 9 3 0 . 2 2 3 0 8 .2 1 2 1 .3 4 5 1 7 .0 2 5 2 6 0 9  - . 5 8 7 0 1 E - 5 . 5 0 2 8 2 9 E - 9 (B.2)
5 3 0 9 . 5 5 0 1 7 4 0 .7 1 7 6 1 3 8  .2 7 6 4 2 3 E -4 (B.3)
0 .9 9 9 2 0 . 145E- 3 (C.1)
0 .0 1 9 6 0 .9 8 4 9 9 (C.2)
BEN ZEN E- TOLOENE SYSTEM TEMP (F) : FLOW (MOLES/HR) : PRESSORE (PSIA) CD)
21 2 150 1 1 (E)
5 .9 4 4 9 2 3 .0 2 5 . 0  2 0 4 .0 2 8 5 .0 0 . 5 (F)
0. 3 0 . 3 0 .0 0 1  0 .001 0 .0 0 1 (G)
1 2 20 1.0 (H)
1 15 2 6 . 0  2 3 0 . 0 (1 .1 )
221 .21 3 8 8 .3 4 ( 1 .2 )
1 1 2 1 3 .6 3 M)
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EXAMPLE 4 :
T h i s  i s  t h e  e n t h a l p y  model  f o r  p r o p a n e  -  b u t a n e  -  p e n t a n e  s y s t e m .  T h e re  
a r e  e l e v e n  s t a g e s  i n c l u d i n g  t h e  c o n d e n s e r  a n d  t h e  r e b o i l e r .  T o t a l  c o n d e n s e r  i s  
S t a g e  o n e  an d  r e b o i l e r  i s  s t a g e  e l e v e n .  Feed  s t a g e  i s  s t a g e  f i v e  and  t h e  f e e d  
i s  a  l i q u i d  f e e d .
03 PROPANE-BUTANE-PENTANE SYSTEM (A)
PROPANE 4 4 . 0 9  1 5 .7 2 6  1 8 7 2 .4 6  - 2 5 . 1 6  (B.1)
3 6 9 .8  2 3 1 .1  4 4 8 7 . 0 1 2 1 2 7 .8 6  . 1 5 3 3 8 5 1 E 2 .1 5 3 5 7 8 E - 1 - .3 2 9 2 5 E - 5  . 3 2 9 1 3 E - 9  (B.2)
4 6 5 4 .  108 5928.  6 0 5 7 2 C 8 - 0 . 0 3 5 6 0 8 3 - 6 .  7468E-5  (B.3)
N-BUTANE 5 8 . 1 2  1 5 .6 7 8 2  2 1 5 4 .9  - 3 4 . 4 2  (B.1)
4 2 5 . 2  2 7 2 . 7  5 3 5 2 .0 1 6 0 7 3 .3 8 8  . 2 0 7 7 0 6 5 E 2 .1 8 2 5 9 1 E - 1 - . 2 6 7 0 1 E - 5 .2 8 8 9 2 E - 1 0  (B.2)
6 0 6 0 . 5 7 2 0 7 2 2 . 2 2 1 0 5 7 1 7 . 58299E-2  - 1 .6 4 1 5 E - 7  (B.3)
N-PENTANE 7 2 .  15 1 5 .8 3 3 3 2 4 7 7 .0 7 - 3 9 . 9 4 (B.1)
469 . 6 309 .2  6 1 6 0 . 0 1 8 5 0 2 .4 0 8 2 5 .0 6 7 1 7  .0 2 4 2 7 2 9 2  - . 5 3 4 1 2 E -5 .5 4 3 1 2 4 E -9 (B.2)
6 7 4 3 .7 9 2 5 5 3 9 .0 7 0 5 3 6 5  0 .0 2 8 3 7 4 8 2 (B.3)
0 .9  508 0 .0 4 7 1 0 .0 0 0 1 (C.1)
0 .0 0 5 1 0 .3 9 4 9 0 . 6 (C.2)
PBP SYSTEM (D)
11 3 200 1 1 (E)
3 .0 180. 1 8 1 .0 8 7 . 0 2 5 0 . 0  0 .1 (F>
1 .0 1 .0 0 .0 0 1 0.  001 0 .0 0 1 (G)
1 2 10 1 .0 (H)
1 5 180. 17 1 1 9 .0 (1-1)
2 4 0 . 0 1 5 0 .0 2 1 0 . 0 (1 .2 )




T h i s  d i s t i l l a t i o n  co lu m n  m e a h a n i c a l  d e i s g n  p r o g ra m  and  
m anua l  were d e s i g n e d  by Chiern Nang i n  A p r i l  1981- T h i s  
p ro g ra m  a l l o w s  t h e  f o l l o w i n g  d i s t i l l a i t o n  m e c h a n i c a l  d e s i g n  
o p t i o n s  :
(a) r e b o i l e r
(1) k e t t l e  r e b o i l e r ,  v e r t i c a l  t h e r m o s y p h o n  r e b o i l e r  o r  
f o r c e d  c i r c u l a t i o n  r e b o i l e r .
(B) c o n d e n s e r
(1) t o t a l  c o n d e n s e r  o r  p a r t i a l  c o n d e n s e r .
(2) v e r t i c a l  c o n d e n s e r  o r  h o r i z o n t a l  c o n d e n s e r .
(c) h o r i z o n t a l  r e f l u x  drum.
(1) drum f o r  t o t a l  c o n d e n s e r  o r  f o r  p a r t i a l  c o n d e n s e r .
(d) t r a y  c o lu m n .
(1) s i n g l e  t r a y  d e s i g n  o r  t r a y  co lum n d e s i g n .
(2) b a l l a s t  t r a y  d e s i g n e d  by  t h e  G l i t s c h  company o r  
F l e x i t r a y  d e s i g n e d  by  t h e  Koch com pany .
The i n p u t  d a t a  m u s t  b e  p r e p a r e d  a s  f o l l o w s  :
(A) DATA RECORD A :
(a) on e  r e c o r d .
(b) f i e l d s  f o r  r e c o r d  A.
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FORMAT : 1 2 , 1 3 .
(1) number  o f  p r o c e s s  c o m p o n e n t s  i n  t h e  d i s t i l l a t i o n  
c o lu m n .
(2) num ber  o f  s t a g e s  i n  t h e  d i s t i l l a t i o n  c o lu m n .  The 
f i r s t  s t a g e  i s  t h e  c o n d e n s e r  an d  t h e  l a s t  s t a g e  
i s  t h e  r e b o i l e r .
(B) DATA RECORD B :
(a) p h y s i c a l  p r o p e r t y  d a t a  r e c o r d  s e t ,  two  r e c o r d s  f o r
e a c h  p r o c e s s  c o m p o n e n t .
REFERENCE :  " P r o p e r t i e s  Of L i g u i d  an d  G a s e s "  by  R e i d ,
P r a u s n i t z  a n d  S h e rw o o d .
(b) f i e l d s  f o r  t h e  f i r s t  d a t a  r e c o r d .
FORMAT : 2A1*,2X,7E10.0
(1) t h e  name o f  t h e  p r o c e s s  c o m p o n e n t  i ,  maximum 
a l l o w e d  e i g h t  c h a r a c t e r s .
(2) t h e  P a r a c h o r  o f  p r o c e s s  c o m p o n e n t  i .  The P a r a c h o r  
i s  a  t e m p e r a t u r e  i n d e p e n d e n t  p a r a m e t e r  d e f i n e d  by  
Sugden  i n  c a l c u l a t i n g  t h e  l i g u i d  s u r f a c e  t e n s i o n .
(3) t h e  l i g u i d  d e n s i t y  r e f e r e n c e  t e m p e r a t u r e  o f  
c o m p o n e n t  i ,  K.
(c) f i e l d s  f o r  t h e  s e c o n d  d a t a  r e c o r d .
FORMAT :  8 E 1 0 .0
(1) t h e  c r i t i c a l  p r e s s u r e  o f  c o m p o n e n t  i ,  ATM.
(2) P i t z e r ' s  A c e n t r i c  F a c t o r  o f  c o m p o n e n t  i .
(3) s p e c i f i c  v o lu m e  o f  co m p o n e n t  i ,  CH**3/GM0LE.
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(4) c r i t i c a l  c o m p r e s s i b i l i t y  o f  c o m p o n e n t  i .
(5) t h e  s a t u r a t e d  l i q u i d  d e n s i t y  a t  t h e  l i q u i d  
d e n s i t y  r e f e r e n c e  t e m p e r a t u r e  o f  c o m p o p n e n t  i .  
GRAM/CM**3.
(6J p a r a m e t e r  t h a t  d e p e n d s  on t h e  m o l e c u l a r
s t r u c t u r e  o f  c o m p o n e n t  i  t o  c a l c u l a t e  t h e r m a l  
c o n d u c t i v i t y .  The l i q u i d  t h e r m a l  c o n d u c t i v i t y  
i s  c a l c u l a t e d  by t h e  m e thod  o f  R o b b i n s  and  
K i n g r e a .
(7) l i q u i d  v i s c o s i t y  c o n s t a n t ,  B ,  of  c o m p o n e n t  i .
The l i q u i d  v i s c o s i t y  i s  c a l c u l a t e d  by t h e  m ethod  
o f  Van V e l z e n ,  C a r d o z o  a n d  L a ngenkam p .
(8) l i q u i d  v i s c o s i t y  c o n s t a n t ,  TO, o f  c o m p o n e n t  i .
(C) DATA RECORD C :
(a) o n e  r e c o r d .
(b) f i e l d s  f o r  d a t a  r e c o r d  C.
FORMAT : 8 E 1 0 .0
(1) maximum a l l o w a b l e  m a t e r i a l  s t r e s s  f o r  
d i s t i l l a t i o n  co lu m n  c o n s t r u c t i o n ,  P S I .
(2) j o i n t  e f f i c i e n c y  o f  t h e  d i s t i l l a t i o n  t o w e r .
(3) d i s t i l l a t i o n  column c o n s t r u c t i o n  m a t e r i a l  
d e n s i t y ,  1BM/IN**3.
(4) d i r t  f a c t o r  i n s i d e  t h e  r e b o i l e r  t u b e .
(5) d i r t  f a c t o r  o u t s i d e  t h e  r e b o i l e r  t u b e .
(6) t h e r m a l  c o n d u c t i v i t y  o f  t h e  r e b o i l e r  t u b e  m e t a l .
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BTU/HR,FT,F.
(7) t h e r m a l  c o n d u c t i v i t y  o f  t h e  c o n d e n s e r  t u b e  m e t a l ,  
BTU/HR, F T ,F .
(D) DATS RECORD D :
(a) r e b o i l e r  d e s i g n  d a t a  r e c o r d ,  one  r e c o r d .
(b) f i e l d s  f o r  d a t a  r e c o r d  D.
FORMAT : 4E1 0 . 0 , 1 2 , 8 X ,2 E 1 0 .0
(1) r e - c i r c u l a t i o n  r a t i o  f o r  e i t h e r  t h e r m o s y p h o n  
r e b o i l e r  d e s i g n  c a s e  one  o r  f o r c e d  c i r c u l a t i o n  
r e b o i l e r .  I f  t h e  k e t t l e  r e b o i l e r  i s  d e s i g n e d ,  
l e a v e  t h i s  f i e l d  b l a n k .
(2) d e s i r e d  r e b o i l e r  d e s i g n  h e a t  f l u x ,  BTU/HR,FT**2.
(3) r e b o i l e r  t u b e  l e n g t h ,  FT. F o r  k e t t l e  r e b o i l e r ,  
t u b e  l e n g t h  i s  t h e  U - tu b e  n o m in a l  t u b e  l e n g t h .
(h) r e b o i l e r  t u b e  o u t s i d e  d i a m e t e r ,  I N .
(5) r e b o i l e r  t u b e  BHGn
(6) r e b o i l e r  t u b e  s h e e t  l a y o u t  p i t c h ,  IN.  ( o n ly
t r i a n g u l a r  t u b e  l a y o u t  a l l o v e d ) .
(7) r e b o i l e r  s u p p l i e d  s t e a m  p r e s s u r e ,  i f  l e f t  b l a n k ,  
t h e  s t e a m  p r e s s u r e  i s  t h e  p r e s s u r e  c o r r e s p o n d s  
t o  t h e  r e b o i l e r  p r o c e s s  t e m p e r a t u r e  p l u s  60 F .
(8) p r e s s u r e  d r o p  t h r o u g h  t h e  f o r c e d  c i r c u l a t i o n  
r e b o i l e r  c o n t r o l  v a l v e .  L e a v e  t h i s  f i e l d  b l a n k  
i f  f o r c e d  c i r c u l a t i o n  r e b o i l e c  d e s i g n  i s  n o t  
r e q u i r e d .
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(E) DATA BECOBD E :
(a) f l a g  d a t a  r e c o r d ,  one r e c o r d .
(b) f i e l d s  f o r  d a t a  r e c o r d  E.
FOBMAT : 7 (11  ,9X)
(1) f l a g  f o r  t h e  d e s i g n  o f  r e f l a x  drum.
1 a e a n s  d e s i g n  h o r i z o n t a l  r e f l u x  drum w i t h o u t  
w i r e  mesh.
2 means d e s i g n  h o r i z o n t a l  r e f l u x  drum w i th  w i r e  
m esh .
(2) f l a g  f o r  t h e  t h e  d e s i g n  o f  r e f l u x  drum.
1 means  p r o d u c t  t o  s t o r a g e ,  2 min s u r g e  t i m e .
2 means p r o d u c t  t o  h e a t  e x c h a n g e r ,  5 min s u r g e  
t i m e .
3 m eans  p r o d u c t  t o  h e a t e r ,  10 min s u r g e  t i m e .
(3) f l a g  f o r  t h e  d e s i g n  o f  r e f l u x  drum.
1 m eans  d e s i g n  r e f l u x  drum f o r  t o t a l  c o n d e n s e r .
2 means d e s i g n  r e f l u x  drum f o r  p a r t i a l  c o n d e n s e r .
(4) f l a g  f o r  t h e  d e s i g n  o f  r e b o i l e r .
1 means  d e s i g n  t h e r m o s y p h o n  r e b o i l e r  w i t h  
r e - c i r c u l a t i o n  r a t i o  f i x e d ,  c a l c u l a t e  t h e  
r e b o i l e r  t u b e  l e n g t h .
2 means d e s i g n  t b e r m o s y p h o n  r e b o i l e r  w i th  t u b e  
l e n g t h  f i x e d ,  c a l c u l a t e  t h e  r e - c i r c u l a t i o n  
r a t i o .
3 m eans  d e s i g n  t h e  k e t t l e  r e b o i l e r .
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I f  t h e  f o r c e  c i r c u l a t i o n  r e b o i l e r  i s  d e s i g n e d ,  
l e a v e  t h i s  f i e l d  b l a n k .
(5) f l a g  f o r  t h e  u n i t  o f  f l o w  r a t e *
1 means t h e  f lo w  r a t e  u n i t  i n  s t e a d y  s t a t e  
p r o f i l e  i s  LBWOLE/MIN.
2 means  t h e  f l o w  r a t e  u n i t  i n  s t e a d y  s t a t e  
p r o f i l e  i s  LBNOLE/HR.
(6) f l a g  f o r  t h e  d e s i g n  o f  r e b o i l e r .
1 m eans  d e s i g n  t h e  t h e r m o s y p h o n  r e b o i l e r .
2 means d e s i g n  t h e  f o r c e  c i r c u l a t i o n  r e b o i l e r .  
I f  t h e  k e t t l e  r e b o i l e r  i s  d e s i g n e d ,  l e a v e  t h i s  
f i e l d  b l a n k .
(F) DATA RECORD F :
(a) d i s t i l l a t i o n  co lu m n  t r a y  d e s i g n  d a t a  r e c o r d .
(b) f i e l d s  f o r  t h e  d a t a  r e c o r d  F .
FORMAT : I I ,  9X, 2F 5 . 3 ,  6E 1 0 . 0
(1) f l a g  f o r  t h e  t r a y  d e s i g n .
1 means  B a l l a s t  t r a y  d e s i g n e d  by t h e  G l i t s c h  
com pany .
2 means  F l e x i t r a y  d e s i g n e d  by t h e  Koch company.
(2) t r a y  f l o o d  f a c t o r ,  f r a c t i o n a l .
(3) t r a y  weep f a c t o r ,  f r a c t i o n a l .
(4) h o l e  o r  p e r f o r a t i o n  d i a m e t e r ,  I N .
(5) t r a y  d e ck  t h i c k n e s s ,  IN .
(6) maximum a l l o w a b l e  p r e s s u r e  d ro p  p e r  t r a y ,  P S I .
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(7) w e i r  h e i g h t  o f  t r a y ,  IN.
(8) s y s t e m  d e r a t i n g  f a c t o r .  I f  l e a v e s  b l a n k ,  p ro g ra m  
w i l l  u s e  t h e  F a i r ' s  m e th o d .
(G) DATA RECORD G :
(a) t r a y  s p a c i n g  d a t a  r e c o r d ,  o n e  r e c o r d .  T h i s  d a t a
r e c o r d  s p e c i f i e s  t h e  maximum a l l o w a b l e  t r a y  s p a c i n g  
o f  e a c h  t r a y  z o n e .  B u t ,  i f  t h e  c a l c u l a t e d  minimum 
t r a y  s p a c i n g  i s  l a r g e r  t h a n  t h i s  o n e ,  t h e  c a l c u l a t e d  
t r a y  s p a c i n g  w i l l  b e  u s e d .
Cb) f i e l d s  f o r  d a t a  r e c o r d  G :
FORMAT : 1 1,9 X ,  2 ( 1 3, 7X) , E 1 0 . 0
(1) f l a g  f o r  t r a y  s p a c i n g  d a t a  r e c o r d .
0 means t h e r e  i s  a n o t h e r  d a t a  r e c o r d .
1 means t h e r e  i s  no more d a t a  r e c o r d .
(2) t h e  f i r s t  t r a y  o f  t h e  t r a y  s p a c i n g  z o n e .
(3) t h e  l a s t  t r a y  o f  t h e  t r a y  s p a c i n g  z o n e .
(4) d e s i r e d  t r a y  s p a c i n g ,  I N ,  o f  t h e  t r a y  z o n e .
(H) DATA RECORD H :
(a) c o n d e n s e r  d e s i g n  d a t a  r e c o r d ,  two r e c o r d s .
(b) f i e l d s  f o r  t h e  f i r s t  d a t a  r e c o r d .
FORMAT : I 3 , 7 X ,  3 ( 1 1 , 9X) , 1 2 , 8 X , 2 E 1 0 . 0 , 1 1
(1) num ber  o f  g r i d  p o i n t s  i n v o l v e d  i n  t h e  c a l c u l a t i o n  
o f  m u l t i c o m p o n e n t  v a p o r  c o n d e n s a t i o n  w e i g h t e d  
t e m p e r a t u r e .
(2) f l a g  f o r  t h e  d e s i g n  o f  c o n d e n s e r .
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1 a e a n s  d e s i g n  t h e  v e r t i c a l  c o n d e n s e r .
2 means d e s i g n  t h e  h o r i z o n t a l  c o n d e n s e r .
(3) f l a g  f o r  t h e  d e s i g n  o f  c o n d e n s e r .
0 means  t h e  c o n d e n s e r  t u b e  p a s s e s  w i l l  b e  
a d j u s t e d  by  t h e  p r o g r a m .
1 means  t u b e  p a s s e s  a r e  s p e c i f i e d  by t h e  u s e r .
(4) number  o f  t u b e  p a s s e s  d e s i r e d  f o r  t h e  c o n d e n s e r ,
i f  (3) i s  z e r o ,  l e a v e  t h i s  f i e l d  b l a n k .
(5) c o n d e n s e r  t u b e  BWG.
(6) c o n d e n s e r  t u b e  o u t s i d e  d i a m e t e r ,  IN.
(7) c o n d e n s e r  t u b e  s h e e t  l a y o u t  p i t c h ,  I N .  ( o n l y  
t r i a n g u l a r  t u b e  l a y o u t  a l l o w e d ) .
(8) number  o f  c o o l a n t  c o m p o n e n t s .
(c) f i e l d s  f o r  t h e  s e c o n d  d a t a  r e c o r d .
FORMAT : 8 E 1 0 .0
(1) a l l o w a b l e  t e m p e r a t u r e  r i s e  f o r  t h e  c o o l a n t ,  F.
(2) a p p r o x i m a t e d  o v e r a l l  h e a t  t r a n s f e r  c o e f f i c i e n t  
f o r  t h e  c o n d e n s e r ,  BTU/HR,FT**2,F .
(3) c o n d e n s e r  t u b e  l e n g t h ,  FT.
(4) c o n d e n s e r  t u b e  s i d e  f o u l i n g ,  1 /BT U /H R,FT**2 ,F .
(5) c o n d e n s e r  s h e l l  s i d e  f o u l i n g ,  1/BTU/HR, FT**2,  F .
(6) c o o l a n t  i n l e t  t e m p e r a t u r e ,  F .
(7) d e s i r e d  c o o l a n t  v e l o c i t y  i n  t u b e ,  F T / s e c .
( I )  DATA RECORD I  :
(a) p h y s i c a l  p r o p e r t i e s  d a t a  r e c o r d  f o r  t h e  c o n d e n s e r
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c o o l a n t .  T h r e e  r e c o r d s  p e r  c o o l a n t  c o m p o n e n t .
(b) f i e l d s  f o r  t h e  f i r s t  d a t a  r e c o r d  :
FORMAT : 2 A 4 ,2 X ,7 E 1 0 .0
(1) name o f  t h e  c o o l a n t  c o m p o n en t  i .
(2) n o r m a l  b o i l i n g  t e m p e r a t u r e  o f  c o o l a n t  co m p o n e n t  
i ,  K.
(3) c r i t i c a l  t e m p e r a t u r e  o f  c o o l a n t  c o m p o n e n t  i ,
K.
(h) P i t z e r * s  A c e n t r i c  F a c t o r  o f  c o o l a n t  c o m p o n e n t  i .
(5) t h e  l i g u i d  d e n s i t y  r e f e r e n c e  t e m p e r a t u r e  o f  
c o o l a n t  c o m p o n e n t  i ,  K.
(c) f i e l d s  f o r  t h e  s e c o n d  d a t a  r e c o r d  :
FORMAT : 61210. 0
(1) t o  (6) c o e f f i c i e n t s  B1, B2, B3, Bh, B5, B6 i n  
c a l c u l a t i n g  l i g u i d  e n t h a l p y  HL o f  c o o l a n t  
c o m p o n e n t  i ,  w i t h  t e m p e r a t u r e  T i n  F and  HL i n  
BTU/LBMOLE.
HL=B 1 * (B2*T) + (B3*T**2) + (B4*T**3) * (B 5* t**4)
+ (B6*T**5)
(d) f i e l d s  f o r  t h e  t h i r d  d a t a  r e c o r d  :
FORMAT : 8 E 1 0 .0
(1) p a r a m e t e r ,  d e p e n d s  on t h e  m o l e c u l a r  s t r u c t u r e ,  t o  
c a l c u l a t e  t h e  t h e r m a l  c o n d u c t i v i t y  o f  c o o l a n t  
c o m p o n e n t  i .
(2) h e a t  o f  v a p o r i z a t i o n  o f  c o o l a n t  c o m p o n e n t  i  a t
292
t h e  n o r m a l  b o i l i n g  p o i n t ,  CAL/GMOLE.
(3) s a t u r a t e d  l i q u i d  d e n s i t y  a t  t h e  l i g u i d  d e n s i t y  
r e f e r e n c e  t e m p e r a t u r e ,  GRAM/CM**3.
(4) m o l e c u l a r  w e i g h t  o f  c o o l a n t  c o m p o n e n t  i .
(5) c r i t i c a l  p r e s s u r e  o f  c o o l a n t  co m p o n en t  i ,  ATM.
(6) l i q u i d  v i s c o s i t y ,  B, o f  c o o l a n t  c o m p o n e n t  i .
(7) l i q u i d  v i s c o s i t y ,  CO, o f  c o o l a n t  c o m p o n e n t  i .
(8) mole  f r a c t i o n  o f  c o o l a n t  c o m p o n e n t  i .
(J)  DATA BECORD J  :
(a) one  r e c o r d .  T h i s  d a t a  r e c o r d  i s  u s e d  f o r  t h e  dynam ic  
p r o g r a m .  I f  o n l y  m e c h a n i c a l  d e s i g n  r e q u i r e d ,  p u t  a 
b l a n k  r e c o r d  i n s t e a d .
(b) f i e l d s  f o r  d a t a  r e c o r d  J .
FORMAT :
(1) h e a t  c a p a c i t y ,  BTO/LBM,F, o f  d i s t i l l a t i o n  t o w e r  
c o n s t r u c t i o n  m e t a l .
(2) r e b o i l e r  u p s t r e a m  s t e a m  s u p p l i e d  p r e s s u r e ,  P S I .
(3) f l a g  f o r  t h e  r e f l u x  drum l i q u i d  l e v e l  c o n t r o l l e r .
1 means  t h e  l i q u i d  l e v e l  c o n t r o l l e r  c o n t r o l s  t h e  
d i s t i l l a t e  f lo w  r a t e .
2 means  t h e  l i q u i d  l e v e l  c o n t r o l l e r  c o n t r o l s  t h e  
r e f l u x  f l o w  r a t e .
(4) f l a g  f o r  t h e  t r a y  v a l v e  o p e n i n g .
0 means  t r a y  v a l v e  p a r t  o p e n e d .
1 m eans  t r a y  v a l v e  f u l l y  o p e n e d .
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NOTE :
T h e  l i q u i d  p h a s e  a c t i v i t y  c o e f f i c i e n t s  a r e  c a l c u l a t e d  
t h r o u g h  a u s e r  s u p p l i e d  s u b r o u t i n e  GAMMA. The f o l l o w i n g  
s u b r o u t i n e  i s  u s e d  i f  t h e  u s e r  d o e s n o t  s u p p l y  o n e .  I n  t h i s  
c a s e ,  an i d e a l  l i g u i d  p h a s e  i s  a s s u m e d .




C GAM(I) = LIQUID ACTIVITY COEFFICIENTS OF COMPONENT I
C NC = NUMBER OF PROCESS COMPONENTS IN THE
C  DISTILLATION COLUMN
C J  = STAGE HUMBER.
C X ( I , J )  = LIQUID MOLE FRACTION OF COMPONENT I  OF STAGE
C J .
C I L  DUMMY VARIABLE.
C IH DUMMY VARIABLE.
C
DIMENSION GAM (16) ,  X (IL , IH )
DO 10 1 = 1 , NC 




T h i s  i s  t h e  m e c h a n i c a l  d e s i g n  f o r  t h e  Benzene  -  T o l u e n e  s y s t e m .  The r e f l u x  
drum f o r  t h e  t o t a l  c o n d e n s e r  i s  a h o r i z o n t a l  c y l i n d r i c a l  v e s s e l  w i t h o u t  t h e  w i r e  
mesh .  The l i q u i d  p r o d u c t  g o e s  t o  t h e  h e a t  e x c h a n g e r  and  t h e r e  i s  o n l y  one  
l i q u i d  p h a s e  i n  t h e  d rum.  The t r a y  column c o n s i s t s  o f  B a l l a s t  t r a y s  s i z e d  by 
t h e  G l i t c h  d e s i g n  m anual  4900 .  K e t t l e  r e b o i l e r  i s  d e s i g n e d  w i t h  12 FT n o m in a l  
t u b e  l e n g t h .  The c a r b o n  s t e e l  t u b e  o u t s i d e  d i a m e t e r  i s  0 . 7 5  IN,  t u b e  l a y o u t  
p i t c h  1 IN and  t u b e  BWG 16.  T o t a l  c o n d e n s e r  i s  h o r i z o n t a l .  The c a r b o n  s t e e l
t u b e  l e n g t h  i s  10 FT, t u b e  l a y o u t  p i t c h  
i s  c o o l i n g  w a t e r  w i t h  i n l e t  t e m p e r a t u r e
2 21
BENZENE 1 4 7 .8 2 8 9 .0
4 8 . 3 0 . 2 1 2 2 5 9 .0 0 .2 7 1
TOLUENE 1 8 7 .8 2 9 3 .0
4 0 . 6 0 . 2 5 7 3 1 6 .0 0 .2 6 4
1 5 0 0 0 .0 0 . 8 5 0 .2 8 4 0.001
1 2 0 0 0 .0 12 .0 0 .7 5
1 2 1 3
1 0 . 8  0 . 6 0.  375 0 .0 7 4
1 2 20 1 6 .0
15 2 0 6
4 0 . 0 120. 0 10 .0 0 .0 0 2
HATER 3 7 3 .2 6 4 7 .3 0 .3 4 4
3603.  3954718 .0 0 0 7 6 3 8 I - . 8 1 065E- 4
0. 9 7 1 7 .0 0 .9 9 8 18.0  15
0 . 1 0 7 150 .0 2




0 .8 8 5 0. 5 4 5 .6 4 265. 34 (B .2 )  
(B. 1)
0 .8 6 7 1 .0 467. 33 2 5 5 .2 4 (B.2)
0 .0 0 1 3 0 .0 3 0 .0 (C)
16 1 .0 0. (D)
2 <E)
0 . 0 7 5 2 . 0 (?)
(G)
16 0 . 7 5 0 .9 3 7 5 1 (H.1)
0 .0 0 1 8 0 .0 5 . 0 (H.2)
2 9 3 .0 ( I .  1) 
( 1 .2 )
2 1 7 .6 6 5 8 .2 5 2 8 3 .1 6 1 .0 ( 1 .3 )
294
STEADY STATE PHOFILE OP THE D IST IL L A T IO N  COLOHN
NUflBER OF STAGES = 21 ,  THE F I R S T  STAGE I S  CONDENSER. THE LAST STAGE I S  REBOILE R.
TOTAL CONDENSER
T E (IP (F)




TEHP (F ) 










0 .  2 0 5 3 E*03
BENZENE
TOLUENE
REFLUX FLOW VAPOR PBODOCT LIQ UID  PRODUCT LIQUID DENSITY VAPOR DENSITY 
PRESSOR E (P S  I )  RATE (LB/HR) BATE (L B /HR ) RATE (L B/HR) ( L B / F T * * 3 )  ( L B / F T * » 3 )
0 . 2 3 0 0 E * 0 2  0 . 9 9 2 0 E * 0 5  0 . 0  0 . 1 6 6 9 E * 0 5  0 . 5 0 3 9 E * 0 2  0 . 0
HOL FRACTION
0 . 9 9 9 9 E * 0 0  
0 .  8 0 0 6 E - 0 4
0 . 1 0 0 0 E * 0 1 
0 . 3 2 4 9 E - 0 4
LIQ UID  PLOB VAPOR FLOR L IQ U ID  DENSITY VAPOR DENSITY
PRESSURE ( P S I )  BATE (GPH) RATE (CFS) ( L B / F T * *  3) ( L B / F T * * 3 )
0 . 2 3 5 0 E + 0 2  0 . 2 4 6 6 E + 0 3  0 . 1 1 8 1 E + 0 3  0 . 5 0 3 4 E * 0 2  0 . 2 7 2 6 E + 0 0
SURFACE TENSION 
(DYNE/CH)
0 . 5 3 0 3  E*01
HOL FRACTION
0 . 9 9 9 8 E * 0 0  
0 .  1 9 6 8 E - 0 3
0 . 9 9 9 9 8 * 0 0  
0 . 8 0 0 6 E - 04
LIQ UID  PLOH VAPOR FLOR L IQ U ID  DENSITY VAPOR DENSITY
PRESSURE ( P S I )  RATE (GPH) RATE (CFS) (L B / F T * *  3) ( L B / P T * * 3 )
0 . 2 3 S 8 B * 0 2  0 . 2 4 6 7 E * 0 3  0 . 1 1 8 1 E + 0 3  0 . 5 0 3 3 E * 0 2  0 . 2 7 3 4 E * 0 0
SURFACE TENSION 
(DYNE/CH)
0 . 5 2 9 9  E * 0 1
HOL FRACTION
0 . 9 9 9 6 E * 0 0
0 . 4 4 2 2 E - 0 3
0 . 9 9 9 8  E *00  
0 . 1 8 0 0 E - 03
LIQ UID  FLOH VAPOR FLOR L IQ U ID  DENSITY VAPOR DENSITY
PRESSURE ( P S I )  RATE (GPH) RATE (CFS) ( L B / F T * * 3 )  ( L B / F T * * 3 )
0 . 2 3 6 6 E * 0 2  0 . 2 4 6 8 E * 0 3  0 . 1 1 7 7 E + 0 3  0 . 5 0 3 2 E + 0 2  0 . 2 7 '4 3 E * 0 0
SURFACE TENSION
(DYNE/CH)
0 . 5 2 9 5 E * 0 1
HOL PRACTIOH
0 . 9 9 9 0 8 * 0 0
0 . 9 5 7 9 E - 0 3
0 . 9 9 9 6 E *  00  
0 .  3 9 0  2 E - 0  3 295
STAGE
LIQ UID  FLOW VAPOR FLOW
TEBP (P ) P H E S S U B E (P S I)  RATE (GPH) RATE (CFS)




0 . 9 9 8 0 8 * 0 0  
0 . 2 0 U 0 E - 0 2
0 . 9 9 9 2 E *  0 0  
0 . 8 3 1 9 E - 0 3
STAGE
TEHP (F)
0 .  2 0 5 8 E *  03
PBESSUB E ( P S I )  
0 . 2 3 8 2 E * 0 2
LIQUID F L O i  
RATE (GPH) 
0 .  2 9 6 9  E*0 3
VAPOR FLO* 
RATE (CFS) 




0 . 9 9 5 7 E * 0 0  
0 .  U 3 0 3 E -  02
0 . 9 9 B 2 E * 0 0  
0 . 1 7 5 8 E - 02
STAGE
TEHP (F ) 
0 . 2 0 6 2 E + 0 3
PRESSURE ( P S I )  
0 . 2 3 B 9 E * 0 2
L IQUID FLOW 
RATE (GPH) 
0 . 2 U 6 9 E * 0 3
VAPOR FLOW 
RATE (CFS) 




0 . 9 9 1 0 E * 0 0  
0 . 9 0 1 5 E - 0 2
0 . 9 9 6 3 E * 0 0
0 . 3 6 9 7 E - 0 2
STAGE
TEHP (F )
0 .  2 0 6 8 E *  03
P R E S S O R E (P S I)
0 . 2 3 9 7 E * 0 2
LIQUID FLOW 
RATE (GPH) 
0 .  2M 69E+03
VAPOR FLOW 
RATE (CFS) 




0 . 9 8 1 3 E * 0 0  
0 .  1 8 7 2 E - 0 1
0 . 9 9 2 3 E + 0 0
0 . 7 7 3 0 E - 0 2
STAGE
TEHP (F) 
0 . 2 0 7 8  E*03
PRESSURE ( P S I )  
0 . 2 9 0 5 E + 0 2
LIQ UID  FLOW 
RATE (GPH) 
0 . 2 9 6 8 E *  03
VAPOR FLOW 
RATE (CFS) 





0 .  9 6  1 7 E + 0 0  0 . 9 8 9 0 8 * 0 0
0 .  3 8 3  1 E - 0  1 0 .  lb O U E - 0 1
LIQUID DENSITY VAPOR DENSITY SUHFACE TENSION
( L B / F T * * 3 )  ( L B / P T * * 3 )  (DYNE/CH)
0 . 5 0 3 1 E * 0 2  0 . 2 7 5 2 E * 0 0  0 . 5 2 9 2 E * 0 1
LIQUID DENSITY VAPOR DENSITY SURFACE TENSION 
( L B / F T * * 3 )  ( L B / F T * * 3 )  (DYNE/CH)
0 . 5 0 2 9 E * 0 2  0 . 2 7 6 0 8 * 3 0  0 . 5 2 9 1 E * 0 1
L IQ U ID  DENSITY VAPOR DENSITY 
( L B / F T * *  3) ( L B / F T * * 3 )
0 . 5 0 2 7 E * 0 2  0 . 2 7 6 9 E + 0 0
SURFACE TENSION 
(DYNE/CH) 
0 . 5 2 9 2 E * 0 1
L IQUID DENSITY VAPOR DENSITY SURFACE TENSION 
( L B / F T * * 3 )  ( L B / F T * * 3 (  (DYNE/CH)
0 . 5 0 2 5 E + 0 2  0 . 2 7 7 8 8 * 0 0  0 . 5 2 9 9 8 * 0 1
L IQ U ID  DENSITY VAPOR DENSITY 
(L B / F T * *  3) ( L B / F T * * 3 )
0 . 5 0 2 0 E * 0 2  0 . 2 7 8 7 E * 0 0
SURFACE TENSION 
(DYNE/CH) 


















TEHP f P |





0 .  2 3 2 6  E*03
BENZENE
TOLUENE
LIQ UID  FLON TAPOE FLON
PRESSOR E { P S I )  RATE (GPH) RATE (CFS)
0 . 2 4 1 3 E * 0 2  0 . 2 4 6 6  8 * 0 3  0 . 1 1 5 2 E * 0 3
HOL FRACTION
X I
0 . 9 2 3 7 8 * 0 0  0 . 9 6 7 2 E + 0 0
0 . 7 6 2 9 E - 0 1  0 . 3 2 7 8 E - 0 1
LIQ UID  FLON VAPOR FLON
PRESSURE ( P S I )  RATE (GPH) RATE (CFS)
0 . 2 4 2 1 E * 0 2  0 . 2 4 6 5 E * 0 3  0 . 1 1 4 5 E * 0 3
HOL FHACTION
X Y
0 . 8 5 5 5 E * 0 0  0 . 9 3 4 8 8 * 0 0
0 . 1 4 4 5 E + 0 0  0 . 6 5 1 7 E - 0 1
LIQUID FLOW VAPOR FLOW
P B E S S U R E (P S I )  RATE (GPH) RATE (CFS)
0 . 2 4 2 9 E + 0 2  0 . 2 4 6 8 E + 0 3  0 . 1 1 3 5 E * 0 3
HOL FRACTION
X I
0 . 7 4 7 7 E + 0 0  0 . 8 7 6 8 E * 0 0
0 . 2 5 2 3 E * 0 0  0 . 1 2 3 2 E * 0 0
LIQUID FLOR VAPOR FLOR
PB E S S U R E (P S I)  RATE (GPH) RATE (CFS)
0 . 2 4 3 7 E * 0 2  0 . 2 4 8 4 8 * 0 3  0 . 1 1 2 2 E * 0 3
HOL FRACTION
X Y
0 . 6 0 7 0 E * 0 0  0 . 7 8 5 7 E * 0 0
0 . 3 9 3 0 E  + 0 0  0 . 2 1 4 3E *  0 0
LIQ UID  FLOR VAPOR FLOR
PRESSURE ( P S I )  RATE (GPH) RATE (CPS)
0 . 2 4 4 5 E * 0 2  0 . 2 5 1 4 E + 0 3  0 . 1 1 0 9 E + 0 3
HOL FRACTION
X Y
0 . 4 6 I 5 E + 0 0  0 . 6 6 7 4  E *00
0 . 5 3 8 5 E * 0 0  0 . 3 3 2 6 E *  00
L IQ U ID  DENSITY VAPOR DENSITY SURFACE TENSION
( L B / F T * * 3 )  ( L B / F T * * 3 )  (DYNE/CH)
0 . 5 0 1 2 E + 0 2  0 . 2 7 9 7 E * 0 0  0 . 5 3 5 4 E * 0 1
LIQ U ID  DENSITY 
( L B / F T * *  3)
0 . 4 9 9 9 E * 0 2
VAPOR DENSITY 
( L B / F T * * 3 )
0 . 2 8 1 0 E * 0 0
SURFACE TENSION 
(DYNE/CH)
0 . 5 4 2 2 B * 0 1 ~
LIQUID DENSITY VAPOR DENSITY SURPACE TENSION
(L B /F T  * * 3 )  ( L B / F T * * 3 )  (DYNE/CH)
0 . 4 9 7 7 E * 0 2  0 . 2 8 2 7 E * 0 0  0 . 5 5 2 4 E * 0 1
LIQUID DENSITY VAPOR DENSITY SURFACE TENSION
( L B / F T * * 3 )  ( L B / F T * * 3 )  (DYNE/CH)
0 . 4 9 4 9 B + 0 2  0 . 2 8 5 2 E * 0 0  0 . 5 6 4 3 E * 0 1
L IQ U ID  DENSITY VAPOR DENSITY SURFACE TENSION 
(L B / F T * *  3) ( L B / P T * * 3 )  (DYNE/CH)
0 . 4 9 1 7 E + 0 2  0 . 2 8 8 6 E * 0 0  0 . 5 7 4 4 E * 0 1
STAGB 15
TEHP (P)




















0 . 2 6 0 6 E + 0 3
L IQ UID  FLON TAPOB FLON
PRESSUBE ( P S I )  BATE (GPH) BATE (CFS)
0 . 2 4 5 3 E * 0 2  0 . 3 9 4 0 E * 0 3  0 . 1 1 0 0 E * 0 3
HOL FRACTION
X T
0 . 3 4 1 6 8 * 0 0  0 . 5 4 5 5 E + 0 0
0 . 6 5 8 4 E * 0 0  0 . 4 5 4 5 E * 0 0
LIQ UID  PLON VAPOB FLOW
PBESSUEE ( P S I )  BATE (GPH) RATE (CFS)
0 . 2 4 6 1 E + 0 2  0 . 3 9 9 5 E * 0 3  0 . 1 1 0 7 E + 0 3
HOL FRACTION
X I
0 . 2 5 1 3 E + 0 0  0 . 4 3 4 6 E * 0 0
0 . 7 4 8 7 E * 0 0  0 . 5 6 5 4 8 + 0 0
L IQ U ID  FLON VAPOR FLON
P B E S S U R E (P S I )  RATE (GPH) RATE (CFS)
0 . 2 4 6 8 E + 0 2  0 . 4 0 5 5 8 * 0 3  0 . 1 1 0 4 E * 0 3
HOL FRACTION
X I
0 .  1 7 0 9 E * 0 0  0 .  3 1 8 7 8 * 0 0
0 . 8 2 9 1 E + 0 0  0 . 6 8 1 3 E * 0 0
LIQ UID  FLON VAPOR FLON
PRESSURE ( P S I )  BATE (GPH) FATE (CFS)
0 . 2 4 7 6 8 * 0 2  0 . 4 1 0 9 E * 0 3  0 . 1 ) 0 4 E * 0 3
HOL FBACTIOH
i r
0 .  1 0 8 5 E * 0 0  0 . 2 1 51E* 00
0 . 8 9 1 5 E * 0 0  0 . 7 8 4 9 8 * 0 0
LIQUID FLON VAPOB FLON
P B E S S U R E (P S I )  BATE (GPH) HATE (CFS)





0 . 6 4 9 0 E - 0 1 0 . 1 3 4 5 8 * 0 0
0 . 9 3 5 1 8 * 0 0  0 . 8 6 5 5 8 * 0 0
LIQ U ID  DENSITY VAPOB DENSITY SUB FACE TENSION
( L B / F T * *  3) ( L B / F T * * 3 )  (DYNE/CH)
0 . 4 8 9 0 E * 0 2  0 . 2 9 2 6 E * 0 0  0 . 5 8 0 8 E * 0 1
LIQ UID  DENSITY 
(L B / F T * *  3)
0 . 4 8 6 8 E * 0 2
LIQ UID  DENSITY
( L B / F T * * 3 )
0 . 4 8 4 7 E + 0 2
VAPOR DENSITY
( L B / F T » * 3 )
0 . 2 9 6 6 E + 0 0
VAPOR DENSITY
( L B / F T * * 3 )
0 . 3 0 0 9 E * 0 0
LIQUID DENSITY 
( L B / F T * *  3)
0 . 4 8 2 9 E *  02
VAPOR DENSITY
( L B / P T * * 3 )
0 . 3 0 5 0 E * 0 0
SURFACE TENSION
(DYNE/CH)
0 . 5 8 4 2 8 * 0 1
SURFACE TENSION 
(DYNE/CH)
0 . 5 8 b 2 E * 0 1
SURFACE TENSION 
(DYNE/CH)
0 . 5 8 6 8  E * 0 1
SURFACE TENSION 
(DYNE/CH)
0 . 5 8 6 7 E *  01
LIQ U ID  DENSITY 
(L B / F T * * 3 )
0 . 4 8 1 6 E * 0 2
VAPOR DEHSITY 
( L B / F T * * 3 )
0 . 3 0 8 5 E * 0 0
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S f » G E  20
TEHP (F)





0 .  2 6 4 9 E+03
LIQ UID  FLON VAPOB FLON
PBESSUHE ( P S I )  BATE (GPH) RATE (CFS)
0 . 2 4 9 2 E + 0 2  0 . « 1 8 3 B * 0 3  0 . I 1 0 7 E + 0 3
HOL FRACTION
X I
0 . 3 6 6 V  E - 0 1  0 . 7 8  1 8 E - 0  1
0 . 963V E+0Q  0 . 9 2 1 B E * 0 0
LIQ UID  FLON VAPOR FLON
PBESSUBE ( P S I )  BATE (LB/HR) FATE (LB/HR)





0 .  1 9 1 9 E - 0 1  
0 . 9 8 0 B E + 0 0
T
0 . V 1 7 0 E - 0 1
0 . 9 5 8 3 E * 0 0
L IQ U ID  DENSITY VAPOR DENSITY
( L B / F T * *  3) ( L B / F T * * 3 )
0 . V808E+ 02  0 . 3 1 1 3 E + 0 0
LIQ U ID  DENSITY 
(L B / F T * *  3) 
0 . V 8 0 2 E  + 02
VAPOR DENSITY
( L B / F T * * 3 )
0 . 3 1 3 5 E * 0 0
SURFACE TENSION 
(DYNE/CH) 
0 . 5 8 6 2 E + 0 1
BBFLUX DRUM DESIGN
(A) DESIGN CONDITION FOR REFLUX DRUM CF TOTAL CONDFNSER
(1) LIQUID PRODUCT TO HEAT EXCHANGEE
(2) REFLUX DRUM IS A HORIZONTAL CYLINDRICAL SHAPE VESSEL WITHOUT A HIRE MESH 
D ORIGINAL = 0 .5 8 9 8 9 E + 0 1






0 .6 0 0 0 E + 0 1
CRUM HALL 
THICKNESS(IN)
0 .  1270F+00
IIQOID LEAVE 
DRUM (LB/HR)





TRAY COLOUR SIZ IN G  BY GLITSCH MANUAL BALLAST THAT MANUAL 4 9 0 0
COLUMN DESCRIPTION
FLOOD BEEP DIAMETER OF DECK TRAY PRESSURE HAT SHEAR HEIGHT DIAMETER OP HEIGHT OF JO IN T  CONST MAT
FACTOR FACTOR HOLE ( I N )  THICK ( IN )  DROP ( P S I )  STRESS ( P S I )  HEIR ( I N )  I  ONER (FT) TONER (F T)  E F F IC N E I  DEN ( L B / I N 3 )
0 . 8 0 0  0 . 6 0 0  3 .  3 7 5 0 8 * 0 0  0 . 0 7 4 0 0 0 0  0 . 7 5 0 0 E - 0 1  0 . 1 5 0 0 8 + 0 5  2 . 0 0 0 0 0 0  0 . 9 0 0 0 E + 0 1  0 . 2 9 7 5 8 * 0 2  0 . 8 5 0  0 . 2 8 4 0 E + 0 0
TRAY NO OF TRAY HEIR DOHHCOMER ACTIVE TRAY HOLE AREA LIQ U ID  CREST LIQ UID  FLOB CONSTRUCTION
NO PASS SPACE ( I N ) LEN GTH(FT) AREA (F T * * 2 ) AREA (F T * * 2 ) (FT * *2) HEIR ( I N ) PATH (F T) HASS (LB)
2 1 0 .  1 6 0 0 E + 0  2 0 . 5 5 8 3 E + 0 1 0 . 5 7 5 4 8 * 0 1 0 . 5 2 1 1 E * 0 2 0 .  4 1 1 1E* 01 0 . 9 5 3 4  E+00 0 . 7 0 5 9 8 * 0 1 0 .  1 3 3 7 8 * 0 1
3 1 0 . 1 6 0 0 E + 0 2 0 . 5 5 8 3 E + 0 1 0 . 5 7 5 4 8 *  01 0 . 5 2 1 1 E *02 0 . 4 1 1 8  E* 01 0 . 9 5 3 6 E * 0 0 0 . 7 0 5 9 E * 0 1 0 .  1 3 3 7 8 * 0 1
0 1 0 . 1 6 0 0 8 * 0 2 0 . 5 5 8 3 E * 0 1 0 . 5 7 5 4 E + 0 1 0 .  5 2 1 1 E*02 0 . 4 1 1 2  E*01 0 . 9 5 3 8 E * 0 0 0 .  7 0 5 9 E * 0 1 0 . 1 3 3 7 8 * 0 1
5  1 0 . 1 6 0 0 8 + 0 2 0 .  5 5 8 3 E * 0 1 0 . 5 7 5 4 B + 0 1 0 . 5 2 1 1 8 * 0 2 0 .  41  07E* 01 0 . 95 4  0E* 0 0 0 . 7 0 5 9 E * 0 1 0 .  1 3 3 7 8 * 0 1
6  1 0 .  1 6 0 0 8 * 0 2 0 . 5 5 8 3 E * 0 1 0 . 5 7 5 4 E *  01 0 . 5 2 1 1 E *02 0 . 4 1 0 1 E * 0 1 0 . 9 5 4 1  E *00 0 . 7 0 5 9 8 * 0 1 0 .  1 3 3 7 8 * 0 1
7 1 0 .  1 6 3 0 E + 0 2 0 . 5 5 8 3 E * 0 1 0 . 5 7 5 4 8 * 0 1 0 . 5 2 1 1 8 * 0 2 0 . 4 0 9 5 E * 0 1 0 . 9 5 4 2 E * 0 0 0 . 7 0 5 9 E * 0 1 0 . 1 3 3 7 8 * 0 1
8 1 0 . 1 6 0 0 E + 0 2 0 . 5 5 8 3 E + 0 1 0 . 5 7 5 4 8 * 0 1 0 . 5 2 1 1 8 * 0 2 0 . 4 0 8 9 8 * 0 1 0 . 9 5 4 1 E * 0 0 0 . 7 0 5 9 E *  01 0 . 1 3 3 7 8 * 0 1
9 1 0 . 1 6 0 0 8 + 0 2 0 .  5 5 8 3  E * 0 1 0 . 5 7 5 4 E * 0 1 0 .  5 2 1 1E*0 2 0 . 4 0 8 2 E *  01 0 . 9 5 3 8 E * 0 0 0 . 7 0 5 9 8 * 0 1 0 .  1 3 3 7 8 * 0 1
10  1 0 . 1 6 3 0 8 * 0 2 0 . 5 5 8 3 E + 0 1 0 . 5 7 5 4 8 * 0 1 0 . 5 2 1 1 8 * 0 2 0 . 4 0 7 4  E*01 0 . 9 5 3 3 E * 0 0 0 . 7 0 5 9 8 * 0 1 0 .  1 3 3 7 8 + 0 1
11 1 0 . 1 6 0 0 E * 0 2 0 . 5 5 8 3 E * 0 1 0 . 5 7 5 4 8 + 0 1 0 . 5 2 1 1 8 * 0 2 0 . 4 0 6 3  E*01 0 .  9 5 3 0 E * 0 0 0 . 7 0 5 9 8 * 0 1 0 .  1 3 3 7 8 * 0 1
12 1 0 . 1 6 0 0 E + 0 2 0 . 5 5 8 3 8 * 0 1 0 . 5 7 5 4 8 * 0 1 0 . 5 2 1 1 8 * 0 2 0 . 4 0 4 9 8 * 0 1 0 . 9 5 4  0 E * 0 0 0 . 7 0 5 9 E * 0 1 0 .  1337 E + 0 1
13  1 0 .  1 6 0 0 E * 0 2 0 . 5 5 8 3 8 * 0 1 0 . 5 7 5 4 8 * 0 1 0 . 5 2 1 1 8 * 0 2 0 . 4 0 3 2 E *  01 0 . 9 5 8 0 8 * 0 0 0 . 7 0 5 9 8 * 0 1 0 .  1 3 3 7 8 * 0 1
14 1 0 .  1 6 0 0 E * 0 2 0 . 5 5 8 3 E * 0 1 0 . 5 7 5 4 E * 0 1 0 . 5 2 1 1 8 * 0 2 0 . 4 0 2 1 E*01 0 . 9 6 5 6 E * 0 0 0 . 7 0 5 9 E * 0 1 0 . 1 3 3 7 8 *  01
15  1 0 .  1 6 0 0 E + 0 2 0 . 5 5 8 3 8 * 0 1 0 . 5 7 5 4 E * 0 1 0 . 5 2 1 1 E * 0 2 0 . 3 9 0 0 E *01 0 .  130 3 E * 0 1 0 . 7 0 5 9 E * 0 1 0 .  1 3 3 7 8 * 0 1
16 1 0 . 1 6 0 0 E * 0 2 0 . 5 5 8  3E *01 0 . 5 7 5 4  8 * 0 1 0 . 5 2 1 1 E+02 0 . 3 9 5 7 E *  01 0 . 1 3 1 5 8 * 0 1 0 . 7 0 5 9 8 * 0 1 0 .  1 3 3 7 8 * 0 1
17 1 0 . 1 6 0 0 E * 0 2 0 . 5 5 8 3  E * 0 1 0 . 5 7 5 4 E * 0 1 0 . 5 2 1 1 E *02 0 . 3 9 8 1 E * 0 1 0 . 1 3 2 8 E + 0 1 0 . 7 0 5 9 8 * 0 1 0 .  1 3 3 7  8*01
18  1 0 .  1 6 0 0 E + 0 2 0 . 5 5 8 3 E * 0 1 0 . 5 7 5 4 8 * 0 1 0 . 5 2 1 1 E *02 0 . 4 0 1 1 E * 0 1 0 .  1 3 4 0 E * 0 1 0 . 7 0 5 9 E * 0 1 0 . 1 3 3 7 8 + 0 1
19 1 0 . 1 6 0 0 E * 0 2 0 . 5 5 8 3 8 * 0 1 0 . 5 7 5 4 8 * 0 1 0 . 5 2 1 1 E *02 0 .  4 0 4 1 E * 0 1 0 .  1 3 4 9 8 * 0 1 0 . 7 0 5 9 8 * 0 1 0 . 1 3 3 7 8 * 0 1
2 0  1 0 . 1 6 0 0 8 * 0 2 0 . 5 5 8 3 8 * 0 1 0 . 5 7 5 4 E * 0 1 0 . 5 2 1 1 8 * 0 2 0 . 4 0 6 5 8 * 0 1 0 .  1 3 5 6 E * 0 1 0 . 7 0 5 9 8 * 0 1 0 .  1 3 3 7 8 * 0 1
KETTLE BBBOILEB DESIGN
( I )  ( l ) - O S E R  S U P P L IE S  THE TUBE LENGTH
(2 )  -ASSURING THE PHESSUBE DROP I S  NEGLIG IBLE
(B) HECHANICAL DESCRIPTION
NUHBER OP SHELL TUBE NUHBER OP SHELL TUBE OUTSIDE TUBE TUBE LAYOUT
RE BOILER PASS PASS TUBES DIAHETEB ( I  H) DIA H ET ER(IN ) BUG PITCH ( IN )
2 1 2 4 7 6  0 . 3 6 0 0 E + 0 2  0 . 7 5 0 0 E + 0 0  16 0 . 1 0 0 0 E + 0 1
(C) STBAH PROPERTIES
ST BAH 
PR ES ( P S I )
STEAN 
TEHP (F)
STEAH LATENT STEAH HASS 
HEAT ( BTU/LBH) FLOR R AT E (LB/RR)
0 . 9 5 9 8 E » 0 2 0 . 3 2 4 9 E + 0 3 0„ 9 3 5 4 E + 0 3 0 . 9 5 1 0 E + 0 4














(B TU /H R ,  F , F T 2 )
DIRTY HEAT 
TRANSFER COEFF 
(B TU/H R, F ,  F T 2)
















DIAHETER ( I N )
TUBE OUTSIDE 




PITCH ( IN )
TUBE
LENGTH(PT)
1 0 0 4 0 . 3 5 0 0 E + 0 2 0 . 7 5 0 0 E + 0 0 16 0 .  9 3 7 5 E * 0 0 0 . 1000E+02
(C) PROCESS DESCRIPTION
REQUIRED COOLANT IN
COOLANT, LB/HR TEHP (F )
0 . 4 3 4 9 E » 0 6 0 . 8 0 0 0 E + 0 2
COOLANT OUT 
TEHP (P)
0 . 1 2 0 0 B + 0 3
TUBE PRESSURE VELOCITY I H  
DROP ( P S I )  TUBE (F T /S E C )
0 . 4 9 0 6 E + 0 1 0 . 3 7 0 3 E + 0 1
PROCESS IN 
TEHP (P )
0 . 2 0 4 B E + 0 3
PROCESS OUT 
TEHP (F)
0 . 2 0 3 4 E + 0 3
CLEAN H . T . C .  
(B T U /H H , F ,F T 2 )
DIRTY H . T . C .  





0 .  1 4 0 2 E + 0 3 0 . 9 6 7 8 E + 0 2 0 . 1041B *  03 0 . 1 7 3 8 E + 0 8
EXAMPLE 2 :
T h i s  i s  t h e  m e c h a n i c a l  d e s i g n  f o r  t h e  Benzene  -  T o l u e n e  s y s t e m .  The r e f l u x  
drum f o r  t h e  t o t a l  c o n d e n s e r  i s  a h o r i z o n t a l  c y l i n d r i c a l  v e s s e l  w i t h  t h e  w i r e  
mesh.  The l i q u i d  p r o d u c t  g o e s  t o  s t o r a g e  an d  t h e r e  i s  o n l y  one  l i q u i d  p h a s e  i n  
t h e  drum. The t r a y  co lum n c o n s i s t s  o f  F l e x i t r a y s  s i z e d  by t h e  Koch F l e x i t r a y  
d e s i g n  m a n u a l .  Thermosyphon r e b o i l e r  i s  d e s i g n e d  w i t h  f i x e d  10 FT t u b e  l e n g t h  
an d  t h e  r e - c i r c u l a t i o n  r a t i o  i s  c a l c u l a t e d .  The c a r b o n  s t e e l  t u b e  o u t s i d e  
d i a m e t e r  i s  0 . 7 5  IN, t u b e  l a y o u t  p i t c h  1 IN and t u b e  BHG 16. T o t a l  c o n d e n s e r  i s  
v e r t i c a l .  The c a r b o n  s t e e l  t u b e  l e n g t h  i s  10 FT, t u b e  l a y o u t  p i t c h  0 .9 3 7 5  IN
and  t u b e BWG 16. The  c o o l a n t i s  c o o l i n g w a t e r w i th  i n l e t t  e m p e r a t u r e 80 F.
2 21 (A)
BENZENE 1 4 7 .8 2 8 9 .0 (B.1)
4 8 . 3 0 . 2 1 2 2 5 9 .0 0 . 2 7  1 0 .8 8 5 0 . 5 4 5 .6 4 2 6 5 .3 4 (B. 2)
TOLUENE 187 .8 2 9 3 .0 (B.1)
4 0 . 6 0 .  257 3 1 6 .0 0 .2 6 4 0 . 8 6 ”? 1 .0 467.  33 2 5 5 .2 4 (B. 2)
1 5 0 0 0 .0 0.  85 0 .2 8 4 0 .0 0 1 0 .001 3 0 .0 3 0 . 0 (C)
6 . 0 8 0 0 0 .0 10 .0 0 .7 5 16 1 .0 0. <D)
2 1 1 2 2 1 (E)
2 0 . 8  0 . 6 0 .3 7 5 0 . 0 7 4 0 . 0 7 5 2 . 0 (P)
1 2 20 1 8 .0 (G)
15 1 0 6 16 0 . 7 5 0 .9 3 7 5 1 (H. 1)
4 0 .0 600 .  0 10 .0 0 .0 0 2 0 .0 0 1 8 0 .0 5 . 0 (H.2)
WA TEE 3 7 3 . 2 6 4 7 .3 0 .3 4 4 2 9 3 .0 (1 -1 )
360 3 . 3 9 5 4 7 1 8 . 0 0 0 7 6 3 8 - . 8 1 06 5E- 4 ( 1 .2 )
0 . 9 7 1 7 .0 0 .9 9 8 18 .0  15 2 1 7 .6 6 5 8 .2 5 283 .  16 1 .0 (1 -3 )
0. 107 1 5 0 .0 2 (J)
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BEFLUX DRUB DESIGN
(A) DESIGN CONDITION FOR SEFIDX DRUM CF TOTAL CONDENSER
(1) LIQUID PRODUCT TO STORAGE
(2) REFLUX DRUB IS A HORIZONTAL CYLINDRICAL SHAPE VESSEL HITH A WIRE HESB 
D ORIGINAL = 0 . 5898 9 E + 0 1





DRUM HALL LIQUID LFAVE VAPOR LEAVE
THICKNESS (IN) DRUM (LB/HR) DRUM (LB/HR)
0 . 7579E+ 01 0.6000E+01 0.  1270E+00 0 .  1 159E + 06 0 - 0
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TRAY COL OHM S I Z IH G  BY KOCH PLEXITRAY HAHUAL
COLUHH DESCRIPTIOH
FLOOD BEEP DIAHETER OP DECK TRAY PRESSURE HAT SHEAR HEIGHT DIAHETER OF HEIGHT OP J O I H T  COHST HAT
FACTOR FACTOR HOLE ( I H )  THICK ( I H )  DROP ( P S I )  STRESS ( P S I )  B E I R ( I H )  TOBER (FT) TOB ER (FT) EFPICHEY DEN ( L B / I R 3 )
0 . 8 0 0  0 . 6 0 0  3 . 3 7 5 0 8 * 0 0  0 . 0 7 4 0 0 0 0  0 . 7 5 0 0 E - 0 1  0 . 1 5 0 0 8 * 0 5  2 . 0 0 0 0 0 0  0 . 9 5 0 0 E * 0 1  0 . 3 2 4 6 8 * 0 2  0 . 8 S 0  0 . 2  84  08* 00
TRAY HO OF TRAY BEIR
HO PASS SPACE ( IH ) LEHGTH(FT)
2 1 0 .  1 8 3 0 8 * 0 2 0 . 5 4 5 8 8 * 0 1
3 1 0 . 1 8 3 3 8 * 0 2 0 . 5 4 5 8 8 * 0 1
A t 0 . 1 8 0 0 8 * 0 2 0 . 5 U 5 8 E * 0 1
S 1 0 . 1 8 0 0 8 * 0 2 0 . 5 4 5 8 E * 0 1
6 1 0 . 1 8 3 0 8 * 0 2 0 . 5 4 5 8 E + 0 1
7 1 0 . 1 8 0 0 8 * 0 2 0 . 5 4 5 8 E *  01
8 1 0 . 1 8 0 0 8 * 0 2 0 . 5 4 5 8 8 * 0 1
9 1 0 .  1 8 0 0 E * 0 2 0 . 5 4 5 8 E * 0 1
10 1 0 . 1 8 0 0  8 * 0 2 0 . 5 4 5 8 E * 0 1
11 1 0 . 1 8 0 0 8 * 0 2 0 . 5 4 5 8 8 * 0 1
12 1 0 . 1 8 0 0 8 * 0 2 0 . 5 4 5 8 E * 0 1
13 1 0 . 1 8 0 0  8 * 0  2 0 . 5 4 5 8 8 * 0 1
1* 1 0 . 1 8 3 0 8 * 0  2 0 .  5 4 5 8 E * 0 1
15 1 0 . 1 8 0 0 B + 0 2 0 . 5 4 5 8 E * 0 1
16 1 0 . 1 8 0 0 8 * 0 2 0 . 5 4 5 8  E * 0 1
17 1 0 .  1 8 0 0 8 * 0 2 0 . 5 4 5 8 8 * 0 1
18 1 0 .  1 8 0 0  8 * 0 2 0 . 5 4 5 B E * 0 1
19 1 0 . 1 8 0 0 8 * 0 2 0 . 5 4 5 8  E * 0 1
20 1 0 . 1 8 0 0 8 * 0 2 0 . 5 4 5 8 8 * 0 1
DOBHCOHER ACTIVE TRAY HOLE AREA
A R E A (PT *»2) AREA (P T * * 2 ) (FT * *2)
0 . 4 7 4 7 E * 0 1 0 . 6 1 3 9 E * 0 2 0 .  4 0 3 2 8 * 0 1
0 . 4 7 4 7 E * 0 1 0 . 6 1 3 9 8 * 0 2 0 . 4 0 3 9  E * 0 1
0 . 4 7 4 7 E * 0 1 0 .  6 1 3 9 8 * 0 2 0 . 4 0 3 3 E *  01
0 . 4 7 4 7 E * 0 1 0 .  6 1 3 9  E *02 0 . 4 0 2 8 E * 0 1
0 . 4 7 4 7 E *  01 0 . 6 1 3 9 E * 0 2 0 . 4 0 2 2 8 * 0 1
0 . 4 7 4 7 E * 0 1 0 . 6 1 3 9 E * 0 2 0 . 4 0 1 6 8 * 0 1
0 . 4 7 4 7 E * 0 1 0 .  6 1 3 9 E * 0 2 0 . 4 0 1 0 E * 0 1
0 . 4 7 4 7 E * 0 1 0 . 6 1 3 9 8 * 0 2 0 . 4 0 0 4 E * 0 1
0 . 4 7 4 7 E *  01 0 . 6 1 3 9 E * 0 2 0 . 3 9 9 5  8*0 1
0 . 4 7 4 7 8 * 0 1 0 . 6 1 3 9 B*02 0 . 3 9 8 5 8 * 0 1
0 . 4 7 4 7 E * 0 1 0 . 6 1 3 9 B * 0 2 0 . 3 9 7 1 8 * 0 1
0 . 4 7 4 7 E + 0 1 0 . 6 1 3 9 8 * 0 2 0 . 3 9 5 4 E * 0 1
0 . 4 7 4 7 E *  01 0 . 6 1 3 9 8 * 0 2 0 . 3 9 4 3 E * 0 1
0 . 4 7 4 7 E * 0 1 0 . 6 1 3 9  E*02 0 . 3 8 0 8 E + 0 1
0 . 4 7 4 7 E * 0 1 0 . 6 1 3 9 8 * 0 2 0 . 3 8 6 4 8 * 0 1
0 . 4 7 4 7 8 * 0 1 0 . 6 1 3 9 8 * 0 2 0 . 3 8 8 6 E *  01
0 . 4 7 4 7 E * 0 1 0 . 6 1 3 9 E * 0 2 0 . 3 9 1 5 E*01
0 . 4 7 4 7 E * 0 1 0 . 6 1 3 9  E*02 0 . 3 9 4 4 8 * 0 1
0 . 4 7 4 7 E * 0 1 0 . 6 1 3 9  E *02 0 . 3 9 6 7 8 * 0 1
LIQ UID  CREST L IQ U ID  FLOB COHSTRUCTIOH
HEIR ( I H ) PATH (FT) HASS (LB)
0 . 1 1 6 7 8 * 0 1 0 . 7 7 7 5 8 * 0 1 0 . 1 4 9 0 8 * 0 1
0 .  1 1 6 7 E + 0 1 0 . 7 7 7 5 8 * 0 1 0 . 1 4 9 0 8 * 0 1  '
0 . 1 1 6 8 8 * 0 1 0 . 7 7 7 5 8 * 0 1 0 .  1 4 9 0 8 * 0 1
0 .  1 1 6 8 E * 0 1 0 . 7 7 7 5 8 * 0 1 0 .  1 4 9 0  E * 0 1
0 .  116 8  E * 0 1 0 . 7 7 7 5 8 * 0 1 0 . 1 4 9 0 8 * 0 1
0 .  1 1 6 8 8 * 0 1 0 . 7 7 7 5 8 * 0 1 0 .  1 4 9 0 8 * 0 1
0 . 1 1 6 8 8 * 0 1 0 . 7 7 7 5 8 * 0 1 0 .  1 4 9 0  8*01
0 .  1 1 6 8 E * 0 1 0 . 7 7 7 5 8 * 0 1 0 . 1 4 9 0 E*01
0 . 1 1 6 7 8 * 0 1 0 . 7 7 7 5 8 * 0 1 0 . 1 4 9 0 8 *  01
0 .  1 1 6 7 E * 0  1 0 . 7 7 7 5 8 * 0 1 0 . 1 4 9 0 8 * 0 1
0 . 1 1 6 8 E * 0 1 0 . 7 7 7 5 8 * 0 1 0 .  1 4 9 0 8 * 0 1
0 .  1 1 7 3 E * 0 1 0 . 7 7 7 5 8 * 0 1 0 .  1 4 9 0 8 * 0 1
0 .  1 1 8 2 8 * 0 1 0 . 7 7 7 5 8 * 0 1 0 .  1 4 9 0 8 * 0 1
0 .  1 5 9 5 8 * 0 1 0 . 7 7 7 5 8 * 0 1 0 . 1 4 9 0 8 * 0 1
0 . 1 6 1 0 8 * 0 1 0 . 7 7 7 5 8 * 0 1 0 .  1 4 9 0 8 * 0 1
0 .  1 6 2 6 E + 0 1 0 . 7 7 7 5 8 * 0 1 0 .  1 4 9 0 8 * 0 1
0 .  1 6 4 0 8 * 0 1 0 . 7 7 7 5 8 * 0 1 0 . 1 4 9 0 8 * 0 1
0 .  1 6 5 2 8 * 0 1 0 . 7 7 7 5 8 * 0 1 0 .  1 4 9 0 E *  01
0 . 1 6 6 0 8 * 0 1 0 . 7 7 7 5 8 * 0 1 0 .  1 4 9 0  8*01
WOc n
THERHOSYPHOH REBOILER DESIGB
( I )  ( 1 ) -  TUBE LENGTH I S  P IXE D , CALCULATE THE RECIRCULATION RATIO
( 2 ) - P I P I N G  LOSS I S  CALCULATED ACCORDING TO THE EQUIVALENT LENGTH SUGGESTED BY THE LUDBIG
(B) HECHANICAL DESCRIPTIOH
NUHBER OF SHELL TUBE NUHBER OF SHELL TUBE OUTSIDE TUBE TUBE LAYOUT
BBBOILER PASS PASS TOBES DIA H ET ER (IH ) DIAHETER ( IH )  BHG PITCH ( I N )
1 1 1 1 2 0 6  0 .  3 9 0 0 E * 0 2  0 . 7 5 0 0 E * 0 0  16 0 . 1 0 0 0 E * 0 1
(C> STEAH PR OPERTIES
STEAH 
PRES ( P S I )
0 . 9 5 9 8 E + 0 2
STEAH 
TEHP (F )
0 . 3 2 « 9 E * 0 3
STEAH LATENT STEAH HASS 
BEAT(BTU/LBH) FLON RATE (LB/HR)
0 . 8 9 1 1 E *03 0 .  1 9 9 6 E + 0 5












0 . 2 6 9 9 E + 0 3
RECIRCULATE
RATIO
0 . 2 N 1 7 E + 0 2
RESISTANCE 
TOTAL ( P S I )
0 . 3 3 3 0 E + 0 1
CLEAN H . T . C .  
( B T 0 / H B , F ,  F T 2)
0 . 2 0 4 2 E + 0 3
TOTAL DRIVING 
FORCE ( P S I )
0 . 3 3 3 4 E +  01
TUBE
LENGTH (FT) 
0 .  1 0 0 0 E + 0 2
DIRTY H . T . C .  
(B TU /H R ,  F ,F T 2 )
0 .  1 2 5 2 E + 0  3
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TOTAL CONDENSES DESIGN

















PITCH ( I N )
TUBE
LENGTH (FT)
4 2 0 0 . 2 3 2 5 E *  02 0 . 7 5 0 0 E * 0 0 16 0 .  9 3 7 5 E * 0 0 0 .1 0 0 0 E*02
(C) PROCESS DESCRIP TIO N
REQUIRED COOLANT IH
COOLANT, LD/HR TEHP (P )
0 .  4 3 4 9 E *  06 0 . 8 0 0 0 E * 0 2
COOLANT OUT 
TEHP (F)
0 . 1 2 0 0 E + 0 3
TUBE PRESSURE VELOCITT IN  
DROP ( P S I )  TUBE ( P T /S E C )
0 . 2 8 5 4  E*01 0 . 4 4 2 6 E  *01
PROCESS IN 
TEHP (F )
0 . 2 0 4 8  E *03
PROCESS OUT 
TEHP (F)
0 . 2 0 3 4 8 * 0 3
CLEAR H . T . C .  
(BTD/HH, F , FT 2)
DIRTY H . T . C .





0 . 6 2 1 2 E + 0 3 0 . 2 0 8 0 8 * 0 3 0 . 1 0 4 1 E + 0 3 0 . 1 7 3 8 E * 0 8
EXAMPLE 3 :
T h i s  i s  t h e  m e c h a n i c a l  d e s i g n  f o r  t h e  p r o p a n e  -  b u t a n e  -  p e n t a n e  s y s t e m .
The r e f l u x  drum f o r  t h e  t o t a l  c o n d e n s e r  i s  a h o r i z o n t a l  c y l i n d r i c a l  v e s s e l  
w i t h o u t  t h e  w i r e  m esh .  The l i q u i d  p r o d u c t  g o e s  t o  s t o r a g e  and  t h e r e  i s  o n l y  o n e  
l i q u i d  p h a s e  i n  t h e  drum. The t r a y  column c o n s i s t s  o f  B a l l a s t  t r a y s  s i z e d  by 
t h e  G l i t s c h ’ s  d e s i g n  m anua l  4900 .  K e t t l e  r e b o i l e r  i s  d e s i g n e d  w i t h  8 FT 
n o m in a l  t u b e  l e n g t h .  The c a r b o n  s t e e l  t u b e  o u t s i d e  d i a m e t e r  i s  0 . 7 5  IN,  t u b e
l a y o u t  p i t c h  1 IN and  t u b e BWG 16. T o t a l  c o n d e n s e r  i s  h o r i z o n t a l . The c a r b o n
s t e e l  t u b e  l e n g t h i s  16 FT, t u b e  l a y o u t p i t c h  0 .9 3 7 5  IN and t u b e  BW3 16.  The
c a o l a n t i s  c o o l i n g w a t e r  w i t h  i n l e t  t e m p e r a t u r e  72 F.
3 11 (A)
PROPANE 151 .0 2 3 1 .0 (B.1)
4 1 . 9 0 .  152 2 0 3 .0 0 .281 0 . 5 8 2  0. 2 2 2 .6 7 133.41 (B.2)
N-BUTANE 1 9 1 .0 2 9 3 .0 (B. 1)
3 7 . 5 0 .  193 2 5 5 .0 0 . 2 7 4 0. 579 0. 2 6 5 .8 4 160. 2 (B.2)
N-PENTANE 2 3 1 .0 2 9 3 .0 (B. 1)
33. 3 0 .2 5 1 3 0 4 . 0 0 .2 6 2 0 .6 2 6  0 . 3 1 3 .6 6 182 .48 (B.2)
1 5 0 0 0 .0 0 .8 5 0 .2 8 4 0 . 0 0  1 0 .0 0 1  3 0 .0 3 0 .0 (C)
1 2 0 0 0 .0 8 . 0 0 .7 5 16 1 .0 0. (D)
1 1 1 3 2 (E)
1 0 . 8  0 . 6 0 . 3 7 5 0 .0 7 8 0 .1  2 .0 (?)
1 1 10 18.0 (G)
1 1 2 0 6 16 0 . 7 5 0 .9 3 7 5 1 (H -1)
2 0 . 0 120.0 16 .0 0 . 0 0 2 0 . 0 0 1  7 2 . 0 5 .0 (H.2)
WATER 3 7 3 .2 64 7 .  3 0 .3 4 4 2 9 3 . 0 ( I .  1)
3 6 0 3 .  3 9 5 4 7 1 8 . 0 0 0 7 6 3 8 - . 8 1 0 6  5 E-4 ( 1 .2 )
0. 9 7 1 7 .0 0 .9 9 8 18 .0 1 5 2 1 7 .6  6 5 8 .2 5 2 83 .  16 1.0 ( 1 .3 )
0. 107 150 .0 2 (J)
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STEADY STATE PROFILE CF TBE D IST IL LA TION  COLONS
NUHBEB OF STAGES = 1 1 ,  TBE F I R S T  STAGE I S  CONDENSER. THE LAST STAGE I S  REBOILER.
TOTAL CONDENSES
T E H P (F )  






















REFLUX FLOW VAPOR PRODUCT LIQ UID  PRODUCT LIQUID DENSITY VAPOR DENSITY 
P R E S S U R E (P S I)  HATE ( I B / H R |  BATE (L B /B R ) BATE (L B/HR ) ( L B / F T * * 3 )  ( L B / F T * * 3 )
0 . 1 8 0 0 E + 0 3  0 . 3 3 5 1 E+ 05  0 . 0  0 . 1 1 1 7 E * 0 5  0 . 2 9 9 2 E + 0 2  0 . 0
HOL FRACTION
X Y
0 . 9 5 8 1 E * 0 0  0 . 9 8 8 9 E + 0 0
0 . 9 1 6 3 E - 0 1  0 . 1 1 8 3 E - 0 1
0 . 2 6 6 3 E - 03  0 . 2 2 9 5 E - 0 9
L IQ U ID  FLOR VAPOH PLOB LIQ UID  DENSITY VAPOR DENSITY
PRESSURE ( P S I )  BATE (GPU) RATE (CFS) ( L B / F T * * 3 )  ( L B / F T * * 3 )
0 . 1 B 0 1 E + 0 3  0 . 1 3 6 1 E + 0 3  0 . 7 7 1 9 E * 0 1  0 . 2 9 7 0 E + 0 2  0 . 1 6 0 9 E * 0 1
SURFACF TENSION
(DYNE/CH)
0 . 5 9 7 7 E * 0 1
HOL FRACTION
0 . 8 6 3 3 E « 0 0  
0 . 1 3 3 9 1 * 0 0  
0 . 2 7 7 6 E - 02
0 . 9 5 8 1 E * 0 0  
0 . 9 1 6 3 E - 0 1  
0 . 2 6 6 3 E - 0 3
L IQ U ID  PLOB VAPOH PLOB LIQ UID  DENSITY VAPOR DENSITY
PRESSURE ( P S I )  RATE (GPH) BATE (CFS) ( L B / F T * * 3 )  ( L B / F T * * 3 )
0 . 1 8 0 2 E + 0 3  0 . 1 2 8 9 E * 0 3  0 . 7 5 5 2 E * 0 1  0 . 3 0 1 5 E + 0 2  0 . 1 6 0 9 E + 0 1
SURFACE TENSION 
(DYNE/CH)
0 . 5 6 3 1 E * 0 1
HOL FRACTION
0 . 6 8 8 7 E + 0 0  
0 . 2 9  3 6 E + 0 0  
0 . 1 7 7 1 E - 01
0 . 8 8 8 1 E * Q 0  
0 . 1 0 9 7 E + 0 0  
0 . 2 1 1 9 E - 0 2
L IQ U ID  PLOB VAPOR PLOB LIQUID DENSITY VAPOR DENSITY
PRESSURE ( P S I )  RATE (GPH) RATE (CPS) ( L B / P T * * 3 )  ( 1 B / F T * * 3 )
0 . 1 8 0 3 E * 0 3  0 . 1 2 9 9 E * 0 3  0 . 7 3 1 1 E » 0 1  0 . 3 0 6 1 E * 0 2  0 . 1 6 0 9 E + 0 1
SURFACE TENSION 
(DYNE/C1)
0 . 5 7 2 3 E * 0 1
HCL FRACTION
0 . 9 7 2 2 E + C 0  
0 . 9 5  1 1 E+00 
0 . 7 6 1 5 E - 0 1
0 . 7 6 9 9 E * 0 0  
0 .  2 2 2 8 E  *00 
0 . 1 2 8 1 E - 0 1
1 0 * 3 9 6 6 6 * 0  I 0 + a 6 0 8 l * 0  2 0 * a 8 2 0 E * 0
(WD/aRAD) ( E * * X 3 / a i )  ( E * * x a / 8 i )
r o i s n i i  a o v a a n s  x x i s N a a  aodVA x x i s N a a  a i n o n
1 0 * 3 0 8 0 5  *0 1 0 * 3 1 9 6 1 * 0  2 0 * 3 5 6 0 6 * 0
(H 9 /3 N A 0 )  ( E * * X 3 / 0 1 )  ( £ * * 6 3 / 0 1 )
ROISR3X JDV3HDS A i I S N 3 0  HOdVA AXISR3Q 0 1 0 0 1 1
10* 3 66ES *0 10+3E691 ' 0  20+a060E*0
(kO/HNAO) ( E * * X 3 / 8 1 )  ( E * * X i / 8 1 )
N 0 I S R 2 I  3OV3H0S AXISHSO BOdVA AXISHaO O I O O l l
1 0 * 3 8 6 8 5 * 0  ( 0 * a £ 2 9 ( *0 2 0 * 3 E 6 0 £ * 0
(V 0 /3HAQ) ( £ * * X 3 / Q 1 ) ( £ * * 6 3 / 8 1 )
N 0 IS R 3 1  aOVdBIlS AXISHaO BOdVA AAISH30 Q i n O l l
0 0 * 3 E 6 l l  *0 
0 0 + a 2866*0  
o o * a s 2 o i * o
A
00*3 9 0 6 2  *0 
0 0 * 3 5 9 6 9 * 0  
1 0 - 3 S 6 2 C 0  X
MVXRad-R
a R v x n a -n
aH v a o a a
NOILDVad 10H
I 0 * a i 5 6 8 * 0  E0+3EI5E  *0 C 0 * a 6 0 8 l* 0
( s d o )  a x v a  (u a o )  a x v a  ( i s d ) a a n s s a a a
a o i a  a o d fA  a o i a  a i o O n
£ 0 * 3 6 5 0 2 * 0
(a)  a u a x  
B
1 0 - 3 6 0 5 6 * 0
00*36E B 9*0
0 0 * 3 1 1 2 2 * 0
A
0 0 * 3 0 6 6 2 * 0  
0 0 * 3 8 5 6 9  *0 
1 0 - 3 5 2 9 6 * 0  
I
H v x saa -N
aNVxna-N
a H v a o a a
H0IX0VB3 1DH
10+366EB *0
(sdD) a x v a  
80 1 3  aodVA
E0*316CC*0 
(u a o )  a x v a  
a o i a  a i n O n
£ 0 * 3 9 0 8 1  *0
( r s d ) a a a s s a a d
E 0*3096» *o 
(3) a w a i
1 0 - 3 6 0 6 6 * 0
0 0 * 3 0 6 1 5 * 0
0 0 * 3 6 8 0 6 * 0
A
00 * 3 6 1  E2*0 
0 0 * 3 6 9 0 9 * 0  
00*391  91 *0 
X
a v x H a a - a
aN vxoa-N
a i iv a o a a
H O i iD v a a  i o h
10+3E166*0  
(530) a x v a  
8 0 1 3  aodVA
E0+3201E*0 
(w a s )  a x v a  
a o i a  o r  n o n
£ 0 * 3 5 0 8 1 * 0
( i s d ) a a n s s a a a
£ 0 * 3 2 1 8 1 * 0  
(3) dwax
I 0 -3 E 6 E S * 0  
00*3 862E *0 
0 0 * 3 6 8 1 9 * 0  
A
0 0 * 3 6 0 2 2 * 3
0 0 * 3 0 6 8 6 * 0




a a v d o i d
N0IX0VB3 133
1 0 * 3 6 1 1 6 * 0  £ 0 + 3 2 8 8 2 * 0  E 0 + 3 6 0 8 C 0  £0+30291  *0
(5 3 0 ) a x v a  (w a s ) a x v a  ( i s a l a a o s s a a d  ■ (a)  a u s x




3 9 V I S
STAGE
TEHP (F) 
0 . 2 1 3 9 E + 0 3
PRESSURE ( P S I )  
0 . 1 8 0 8 E + 0 3
LIQUID PLOB 
RATE (GPH) 
0 . 3 6 2 3 E + 0 3
VAPOR FLOB 
RATE (CPS) 




I - P E N T  AN
0 .  1 2 7 1 E - 0 1 
0 . 6 5 8 9 E + 0 0  
0 . 3 2 8 9 E + 0 0
0 - N 2 9 2 E - 0 1
0 . 7 9 7 9 E * 0 0
0 . 1 5 9 7 E * 0 0
STAGE 10
TEHP (E)
0 . 2 2 3 1 E + 0 3
PRESSURE ( P S I )  
Q .1 8 0 9 E * Q 3
LIQ UID  FLOB 
BATE (GPH) 
0 .  3 7 2 9 E + 0 3
VAPOR FLOB 
FATE (CFS) 





0 . 9 5 0 3 E - 0 2  
0 . 5 5 7 5  E*00 
0 . 9 3 8 C E + 0 0
0 . 1 6 9 8 E - 0 1
0 . 7 9 9 6 E + 0 0
0 . 2 3 B 9 E * C 0
BEEOILER
TEHP (F)
0 . 2 3 6 9 E + 0 3
PRESSURE ( P S I )  
0 . 1 8 1 0 E * 0 3
LIQ UID  FLOB 
RATE (L B/HR) 
0 . 2 3 2 8 E + 0 5
VAPOR FLOB 
RATE (LB/HR) 





0 . 1 3 5 5 E - 0 2
0 . 3 9 8 8 E + 0 0
0 . 5 9 S 8 E + 0 0
0 . 5 5 4 5 E - 0 2  
0 . 6  1 0 0 E + 0 0  
0 . 3 8 9 9 E + 0 0
LIQ UID  DENSITY VAPOR DENSITY SURFACE TENSION
(L B / F T * * 3 )  ( L B / F T * *  3) (DYNE/CH)
0 . 3 0 2 3 E + 0 2  0 .  1 8 3 8 E + 0 1 0 - 9 7 9 6 1 * 0 1
LIQ UID  DENSITY VAPOR DENSITY 
( L B / F T * * 3 )  ( L B / P T * » 3 )
0 . 3 0 2 3 E * 0 2  0 .  1 6 b l E * 0 1
LIQUID DENSITY VAPOR DENSITY 
( L B / F T * * 3 )  ( L B / F T * * 3 )
0 . 3 0 2 0 E + 0 2  0 . 1 8 9 6 E * 0 1
SURFACE TENSION 
(DYNE/CH) 
0 . 9 7 2 0 E  »01
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REFLUX DRUM EESIGN
(A) DESIGN CONDITION FOB REFLUX DRUM OF TOTAL CONDENSER
(1) LIQUID PRODUCT TO STORAGE
(2) REFLUX DRUM IS A HORIZONTAL CYLINDRICAL SHAPE VESSEL WITHOUT A HIRE MESH 
D ORIGINAL = 0 .43942E+01
(B) REFLUX DRUM DESIGN SPECIFICATION
DRUM DRUM CRUM HALL LIQUID LEAVE VAPOR LEAVE
LENGTH (FT) DIAMETER (FT) THICKNESS (IN) DRUM (LB/HR) DRUM (LB/HR)
0 . 7956E+ 01 0 .4 5 0 0 E  + 0 1 0 . 1540E+00 0 .4 468E + 05  0 . 0
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TRAY COLUMN SIZING BY GLITSCH MANUAL BALLAST TBAY MANUAL <*900
COLUMN DESCRIPTION
FLOOD HFEP DIAMETER OP DECK TRAY PRESSURE HAT SHEAP HEIGHT DIAMETER OF HEIGHT OP J O IN T  CONST HAT
FACTOR FACTOR HOLE ( I N )  THICK (IN )  DROP ( P S I )  STRESS ( P S I )  HEIR ( I  N) TONER (FT) TONER (FT) E F F IC N E I  DEN ( L B / I R 3 )
0 . 8 0 0  0 . 6 0 0  0 .  3 7 5 0 E * 0 0  O.C7BOOOO 0 . 1 0 0 0 E  + 00  0 . 1 5 0 0 E * 0 5  2 . 0 0 0 0 0 0  0 . 5 5 0 0 E + 0 1  0 . 2 4 3 8 E * 0 2  0 . 8 5 0  0 . 2 8 4 0 E * Q 0
TBAY NO OF TRAY HEIR DOHNCOHER ACTIVE TRAY HOLE AREA LIQ UID  CREST LIQUID FLOR CONSTRUCTION
NO PASS SPACE ( IN) LENGTH (FT) AREA (F T * * 2 ) AREA ( P T * * 2 ) ( F T » * 2 ) HEIR ( I N ) PATH (FT) HASS (LB)
2 1 0 . 1B 00E + 02 0 . 3 8 7 B E + 0 1 0 .  3 7 2 4  E + 0 1 0 . 1 6 3  1E + 02 0 . 8 1 5 5 E * 0 0 0 . 8 1 7 9 E * 0 0 0 . 3 9 0 0 E + 0 1 0 . 5 2 6 3 E * 0 0
3 1 0 . 1 8 0 0 E * 0 2 0 . 3 8 7 8 E * 0 1 0 . 3 7 2 4 E + 0 1 0 . 1 6  3 1E*02 0 . 8 1 5 5 E * 0 0 0 . 7 8 8 5 E * 0 0 0 . 3 9 0 0 E * 0 1 0 . 5 2 6 3  E*00
4 1 0 .  1 8 0 0 E + 0 2 0 . 3 8 7 8 E + 0 1 0 . 3 7 2 4 E * 0 1 0 . 1 6 3 1 E+02 0 . 8 0 8 9 8 * 0 0 0 . 7 7 0 1 E *00 0 . 3 9 0 0 E * 0 1 0 . 5 2 6 3 E * 0 0
5  1 0 . 1 8 0 0 E * 0 2 0 .  3 8 7 8 E + 0 1 0 . 3 7 2 4  E * 0 1 0 . 1 6 3  1E*02 0 . 7 4 5 1 8 * 0 0 0 .  1 3 4 9 8 * 0 1 0 .  3 9 0 0 E * 0 1 0 . 5 2 6 3  E*00
6 1 0 . 1 8 0 1 F *02 0 . 3 8 7 8  E + 0 1 0 . 3 7 2 4  E+O1 0 .  1 6 3 1 E * 0 2 0 . 8 1 55E* 00 0 . 1 4 1 7 E * 0 1 0 . 3 9 0 0 E * 0 1 0 .  5 2 6 3  E*00
7 1 0 . 1 8 0 1 E * 0 2 0 . 3 8 7 8 E + 0 1 0 . 3 7 2 4 E * 0 1 0 . 1 6 3 1 E*02 0 . 8 7 2 1 E+00 . 0 . 1 4 8 8 E * 0 1 0 . 3 9 0 0 E + 0 1 0 . 5 2 6 3 E * 0 0
8 1 0 . 1 8 0 1E + 02 0 . 3 8 7 8 F + 0 1 0 • 3 7 2 4  E+01 0 . 1 6 3 1 E * 0 2 0 . 9 5 7 8  E *00 0 . 1 5 3 9 E + 0 1 0 . 39C0E+Q1 0 . S 2 6 3 E * 0 0
9 1 0 . 1 8 0 1 E * 0 2 0 . 3 B 7 8 E + 0 1 0 . 3 7 2 4 8 * 0 1 0 .  1 6 3 1 8 * 0 2 0 . 1 0 2 0 E + 0 1 0 . 1 5 7 1 8 * 0 1 0 .  3 9 0 0 1 * 0 1 0 . 5 2 6 3  E*00
10 1 0 . 1 8 0 1 E*02 0 . 3 8 7 8 E + 0 1 0 . 3 7 2 4 E + 0 1 0 . 1 6 3 1 E + 0 2 0 . 1 0 6 3 E * 0 1 0 . 1 6 0 1 E + 0 1 0 . 3 9 0 0 E + 0 1 0 . 5 2 6 3 F * 0 0
KETTLE REBOILER DESIGH
(A) ( 1 ) -USER SUPPLIES THE TUBE LEHGTH





















STEAN STEAN STEAN LATENT STEAN NASS
PRES (PSI) TENP (?)  HEAT(BTU/LBN) FLOH RATE (LB/HR)
0 . 6399E* 02 0 .2 9 6 9 E + 0 3 0 .9 5U «E *03 0 .4 6 1 3 E + 0 9

















(BTU/HR, F ,  FT2)
0 .4 4 0 3 E + 0 7 0 .6 7 1 3 E + 0 5 0 . 2369E+03 0 . 5388E+00 0 .7 7 5 3 E + 0 3 0 .3 0 4 0 E + 0 3
TUBE
LENGTH (FT) 



















PITCH ( I N )
TUBE
LENGTH (FT)
1212 0 . 3 9 0 0 E + 0 2 U . 7 S 0 0 E * 0 0 16 0 . 9 3 7 5 £ * 0 0 0 . 2 0 0 0 E + 0 2
(C) PROCESS DESCRIPTION
REQUIRED COOLANT IN
COOLANT, LB/HR TEHP (F)
COOLANT OUT 
TEMP (F)
TUEE PRESSURE VELOCITY IN  





0 . 3 4 7 2 E *  06 0 . 7 2 0 0 E + 0 2 0 . 9 2 0 0 E * 0 2 0 . 2 0 3 5  E+02 0 . 4 9 0 0 E * 0 1 0 . 1 0 5 2 E + 0 3 0 . 9 9 H 1 E + 0 2
CLEAN H . T . C .  
(B T U /H R ,F ,  FT2)
0 . 1 1 1 0 E F 0 3
DIRTY H . T . C .  
( B T U / H R , F ,F T 2 )
0 . 8 1 9 1 E + C 2
TEHPEBATUBE 
LHTD (F)
0 . 1 8 3 3 E + 0 2
CONDENSER HEAT 
DUTY (BTU/HR)
0 . 6 9 3 9 E + 0 7
EXAMPLE 4 :
T h i s  i s  t h e  m e c h a n i c a l  d e s i g n  f o r  t h e  p r o p a n e  -  b u t a n e  -  p e n t a n e  s y s t e m .
The r e f l u x  drum f o r  t h e  t o t a l  c o n d e n s e r  i s  a h o r i z o n t a l  c y l i n d r i c a l  v e s s e l  
w i t h o u t  th e  w i re  mesh.  The l i g u i d  p r o d u c t  g o e s  t o  s t o r a g e  and  t h e r e  i s  o n ly  one 
l i q u i d  p h a s e  i n  t h e  drum. The  t r a y  co lum n  c o n s i s t s  o f  B a l l a s t  t r a y s  s i z e d  by 
t h e  G l i t s c h ' s  d e s i g n  m anua l  4900 .  F o r c e  c i r c u l a t i o n  r e b o i l e r  i s  d e s i g n e d  w i t h  
10 FT t u b e  l e n g t h  and  r e - c i r c u l a t i o n  r a t i o  10 .  The c a r b o n  s t e e l  t u b e  o u t s i d e
d i a m e t e r i s  0 . 7 5 I N ,  t u b e  l a y o u t  p i t c h 1 IN and t u b e  BWG 16. T o t a l  c o n d e n s e r i s
h o r i z o n t a l .  The c a r b o n  s t e e l t u b e  l e n g t h  i s  16 FT, t u b e l a y o u t  p i t c h 0 .9 3 7 5 IN
and  t u b e BWG 16. The c o o l a n t i s  c o o l i n g  w a t e r w i th  i n l e t t e m p e r a t u r e 72 F.
3 11 (A)
PROPANE 151 .0 2 3 1 .0 (B.1)
4 1 . 9 0.  152 2 0 3 .0 0 ,281 0 .5 8 2 0. 2 2 2 .6 7 133.41 (B.2)
N-BUTANE 1 9 1 .0 2 9 3 .0 (B.1)
3 7 .5 0 .  193 2 5 5 .0 0 . 2 7 4 0.  579 0. 2 6 5 .8 4 1 6 0 .2 (B.2)
N-PENTANE 2 3 1 . 0 2 9 3 .0 (B.1)
3 3 . 3 0 . 2 5 1 3 0 4 .0 0 .2 6 2 0 .6 2 6 0 . 3 1 3 .6 6 182.48 (B. 2)
1 5 0 0 0 .0 0 . 8 5 0. 284 0 .0 0 1 0 . 0 0  1 3 0 .0 3 0 .0 (C)
1 0 .0 8 0 0 0 .0 8 . 0 0 .7 5 16 1 .0 0. 10.0 (D)
1 1 1 2 2 (E)
1 0 . 8  0 . 6 0 .3 7 5 0 .0 7 8 0 .1 2 . 0 (F)
1 1 10 18.0 (G)
11 2 0 6 16 0 .7 5 0 .9 3 7 5 1 (H. 1)
2 0 . 0 120 .0 1 6 .0 0 . 0 0 2 0. 001 7 2 .0 5 . 0 (H.2)
WATER 3 7 3 .2 6 4 7 . 3 0 .3 4 4 2 9 3 .0 ( 1 .1 )
3 6 0 3 . 3 9 5 4 7 1 8 . 0 0 0 7 6 3 8 - . 81065E-4 ( 1 .2 )
0. 9 7 1 7 .0 0 .9 9 8 18 .015 2 1 7 .6 6 5 8 .2 5 283 .  16 1 .0 ( 1 .3 )
0. 107 1 5 0 .0 2 (J)
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FOHCE CIRCULATION RE BOIL ER DESIGN
(A) ( I ) - T U E E  LENGTH AND R E-CIRCULATION RAT 10 ARE PROVIDED BY THE USER
( 2 ) -T H E INLET P I P I N G  FRICTION LOSS I S  CALCULATED BASED ON 10 0  FT P I P I N G ,  3 FULLY OPENED GATE VALVE,
1 SUING CHECK VALVE AND 2 9 0  DEGREE LCNG SHEEP ELBOH
( 3 ) -T B E  OUTLET P I P I N G  FRICTION LOSS I S  CALCULATED BASED ON 100 FT P I P I N G ,  1 GLOBE VALVE, 1 CONTROL VA1VE, 
TWO 9 0  DEGREE LONG SUING ELBOH, 2 GATE VALVE AND 2 TEES
(B) MECHANICAL DESCRIP TIO N
NUMBER OF SHELL TUBE NUMBER OF SHELL TUBE OUTSIDE TUBE TUBE LAYOUT TUBE
REBOILER PASS PASS TUBES DIAMETER ( I N )  DIAMETER ( IN )  BUG PITCH ( IN )  LENGTH( FT)
1 1 1 7 4 5  0 . 3 1 0 0 E + 0 2  C . 7 5 0 0 E + 0 0  16 0 . 1 0 0 0 E * 0 1  0 . 8 0 0 0 E + 0 1
(C) STEAM PROPERTIES
STEAM STEAM STEAM LATENT STEAM MASS
PRES ( P S I )  TEMP (F ) HEAT (BTU/LBH) FLOH RATE (LB/HR)
0 . 6 7 1 4 E + 0 2  0 . 3 0 0 1 E + 0 3  0 . 9 1 0 0 E + 0 3  0 . 9 b 7 6 E + 0 4












0 . 2 4 0 1E*03
RECIRCULATE
RATIO
0 .  100 0  E t 0 2
RESISTANCE 
TOTAL ( P S I )
0 . 2 3 0 5 E + 0 1
CLEAN H . T . C .  
(B TU /H R ,  F ,  FT2)
0 . 2 0 4 2 E + 0 3
DIRTY H . T . C .  
(BTU/HR,  F . F T 2 )
0 .  1 2 5 4 E * 0 3




0 . 1 8 9 0 E + 0 2 0 . 3 Q 4 8 E * 0 4
EXAdPLE 5 :
T h i s  i s  t h e  m e c h a n i c a l  d e s i g n  f o r  t h e  p r o p a n e  -  b u t a n e  -  p e n t a n e  s y s t e m .
The r e f l u x  drum f o r  t h e  t o t a l  c o n d e n s e r  i s  a h o r i z o n t a l  c y l i n d r i c a l  v e s s e l  
w i t h o u t  t h e  w i r e  raesh. The l i q u i d  p r o d u c t  g o e s  t o  s t o r a g e  and  t h e r e  i s  o n ly  one 
l i q u i d  p h a s e  i n  t h e  drum. The t r a y  co lum n c o n s i s t s  o f  F l e x i t r a y s  s i z e d  by t h e  
Koch F l e x i t r a y  d e s i g n  m a n u a l .  Thermosyphon r e b o i l e r  i s  d e s i g n e d  w i t h  f i x e d  
r e - c i r c u l a t i o n  r a t i o  8 a n d  t h e  t u b e  l e n g t h  i s  c a l c u l a t e d .  The  c a r b o n  s t e e l  t u b e  
o u t s i d e  d i a m e t e r  i s  0 . 7 5  IN ,  t u b e  l a y o u t  p i t c h  1 IN and t u b e  BWG 16. T o t a l  
c o n d e n s e r  i s  v e r t i c a l .  The c a r b o n  s t e e l  t u b e  l e n g t h  i s  16 FT, t u b e  l a y o u t  p i t c h  
0 .9  375 IN and  t u b e  BWG 16 .  The c o o l a n t  i s  c o o l i n g  w a t e r  w i t h  i n l e t  t e m p e r a t u r e  
72 F .
3 11 (&)
PROPANE 1 5 1 .0 2 3 1 .0 (B. 1)
9 1 . 9 0 .  152 2 0 3 .0 0 . 2 8  1 0 .5 8 2 0. 2 2 2 .6 7 133 .91 (B.2)
N-BUTANE 191 .0 2 9 3 . 0 (B. 1)
3 7 . 5 0 .  193 2 5 5 .0 0 .2 7 9 0 .5 7 9 0. 26 5 .8  9 160 .2 (B.2)
N-PENTANE 2 3 1 .0 2 9 3 .0 (B. 1)
3 3 . 3 0 .2 5 1 309 .  0 0 . 2 6 2 0 . 6 2 6 0. 3 1 3 .6 6 182 .98 (B.2)
1 5 0 0 0 .0 0 . 8 5 0 .2 8 9 0 .001 0 .001 3 0 .0 3 0 .0 (C)
8 . 0 9 0 0 0 .0 2 0 . 0 0 .7 5 16 1 .0 0. 1 0 .0 (D)
1 1 1 1 2 1 <B)
2 0 . 8  0 . 6 0 .3 7 5 0 .0 7 8 0. 1 2 . 0 (F)
1 1 10 2 0 . 0 (G)
11 1 0 6 16 0 . 7 5 0 .9 3 7 5 1 (H.1)
2 0 . 0 6 0 0 .0 16 .0 0 .0 0 2 0 .0 0 1 7 2 . 0 5 . 0 (H.2)
WATER 3 7 3 .2 6 9 7 .3 0 . 3 9 9 2 9 3 .0 ( I -  1)
360 3. 39 59718 .  0 0 0 7 6 3 8 - .  8 1 065E- 9 d - 2 )
0. 9 7 1 7 .0 0 .9 9 8 18.0  15 2 1 7 .6 6 5 8 .2 5 2 8 3 .1 6 1 .0 ( 1 .3 )
0 .1 0 7 150 .0 2 (J)
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REFLUX DBOH DESIGN
{A) DESIGN CONDITION FOR REFLUX DRUM OF TOTAL CCNDENSER
(1) LIQUID PRODUCT TO STORAGE
(2) REFLUX DRUM IS A HORIZONTAL CYLINDRICAL SHAPE VESSEL WITHOUT A HIRE MESH 
D ORIGINAL = 0.1J39U2E+C1
(B) REFLUX DRUM DESIGN SPECIFICATION
DRUM DRUM DRUM WALL LIQUID LEAVE VAPOR LEAVE
LENGTH (FT) DIAMETER {FT) THICKNESS (IN) DRUM (LB/HR) DRUM (LB/HR)
0 . 7956E+ 01 0 . 4500E+ 01 0 .1540E+00  0 .4 468E + 05  0 . 0
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TBAY COLnUN SIZING RY KCCH FLFJCITRAY flANUAL






HOLE ( I N )
DECK TRAY PRESSURE NAT SIIEAP
THICK ( I N )  DROP ( P S I )  STRESS ( P S I )
HEIGHT





JO IN T CONST NAT 
EFFICNEY DEN ( L B / I N 3 )
0 . 8 0 0  0 . 6 0 0 0 . 3 7 5 0 E * 0 0  0 . C 7 6 0 0 0 0  0 . 1 0 0 0 E * 0 0 0 . 1 5 0 0 F + 0 5 2 . 0 0 0 0 0 0  0 . 6 0 0 0 E F 0 1 0 . 2 4 1 4 £ * 0 2 0 . 8 5 0 0 . 2Q40E+ 00
TRAY 1 0  OF TRAY WEIR DCWNCONER ACTIVE TRAY HOLE AREA LICO ID  CREST LIQUID FLOW CONSTRUCTION
■0 PASS S P A C E (IN ) LENGTH (FT) AREA (F T * * 2 ) A R EA(FT**2) ( F T * * 2 ) WEIR (IN ) PATH (FT) HASS (LB)
2 1 0 . 2 0 0 0 E * 0 2 0 . 4 1 9 0 E * 0 1 0 . 4 2 7 2 E * 0 1 0 .  197  3E *02 0 . 8 5 1 8E* 00 0 . 9 3 6 7 E * 0 0 0 . 4 2 9 5 F * 0 1 0 . 6 2 6 3  F+00
3 1 0 . 2 0 0 0 E * 0 2 0 . 4 1 9 0 E + 0 1 0 . 4 2 7 2 E * 0 1 0 . 1 9 7 3  K*02 0 .  8 29  3 F*00 0 . 9 0 3 0 E * 0 0 0 , 4 2 9 6 F * 0  1 0 .  6 2 6 3 E * 0 0
4 1 0 . 2 0 0 0 E * 0 2 0 . 4 1 9 0 F + 0 1 0 . 4 2 7 2  E*01 0 . 1 9 7 3 E * 0 2 0 . 7 9 9 8  F*00 0 . 8 B 2 0 E * 0 0 0 . 4 2 9 5 E + 0 1 0 . 6 2 6 3 E *  00
5 1 0 . 2 0 0 0 E * 0 2 0 . 4 1 9 0  F*0 1 0 . 4 2 7 2 E * 0 1 0 .  1 9 7 3 E * 0 2 0 . 7 3 3 0 E * 0 0 0 .  1 5 4 4 E + 0 1 0 . 4 2 9 5 1 * 0 1 0 . 6 2 6 3  F *00
6 1 0 .  2 0 0 0  E*02 0 . 4 1 9 0 E + 0 1 0 , 4 2 7 2 R + 0 1 0 .  1 9 7 3 P * 02 0 . 8 2 8 1 E * 0 0 0 . 1 6 2 2 E * 0 t 0 . 4 2 9 5 E * 0  1 0 .  6 2 6 3  F + 00
7  1 0 .  2 0 0 0 E + 0 2 0 . 4 1 9 0 E + C 1 0 . 4 2 7 2 F *  01 0 . 1 9 7  3 E*02 0 . 8 9 1 6  E *00 0 . 1 7 0 4 B + 0 1 0 . 4 2 9 5 E * 0 1 0 . 6 2 6  3 F+00
8 1 0 . 2 0 0 0 E * 0 2 0 . 4  1 9 0 E * 0 1 0 . 4 2 7 2  E*01 0 . 1 9 7 3 F * 0 2 0 . 9 6 3 0 E * 0 0 0 . 1 7 6 2 E * 0 1 0 . 4 2 S 5 E * 0 1 0 . 6 2 6 3 E +  00
9 1 0 . 2 0 0 1 E *02 0 . 4  1 9 0 E + 0 1 0 . 4 2 7 2 E + 0 1 0 .  1973F  + 02 0 . 9 9 1 5 E * 0 0 0 . 1 7 9 9 E * 0 1 0 . 4 2 9 6 F * 0 1 0 . 6 2 6 3  F*00
10 1 0 . 2 0 0 1 E *02 0 . 4 1 9 0 E * 0 1 0 . 4 2 7 2 E + 0 1 0 .  1 9 7 1 » * 0 2 0 . 9 9 1 5 F * 0 0 0 . 1 8 3 4 E + 0 1 0 . 4 2 9 5 E * 0 1 0 .  6 2 6 3 E*00
tTHERMOSYPHON REBOIL ER DESIGN
( I )  ( 1 ) -R ECIR CULATICN RATIO I S  F I X E D ,  CALCULATE THE TUEE LENGTH
(2) -  P I  P I  NG LOSS I S  CALCULATED ACCORDING TO THE EQUIVALENT LENGTH SUGGESTED DT THE LUDWIG
(B) MECHANICAL DESCRIPTION
NUMBER OF SHELL TUBE NUMBER OF SHELL TUBE OUTSIDE TUBE TUBE LAYOUT
REEOILER PASS PASS TUBES DIAMETER ( IN )  DI AMF.TEP ( I N )  BWG PITC H ( IN )
1 1 1 9 7 0  0 . 2 5 0 0 E + 0 2  0 . 7 5 0 0 E + 0 0  16 0 . 1 0 0 0 E * 0 1
(C) STEAM PROPERTIES
STEAM STEAM STEAM LATENT STEAM MASS
PRES ( P S I )  TEMP (F ) HEAT (PTU/LBM) FLOW RATE (LB/HR)
0 . 6 3 9 9 E E 0 2  0 . 2 9 6 9 E * 0 3  0 . 9 1 2 « F * 0 3  0 . 9 6 5 1 E * 0 9













TOTAL ( P S I )
CLEAN H . T . C .  
(B T D /H R ,F  , P T 2  )
0 . 8 8 0 5 E + 0 7 0 . 6 7 1 3 E * 0 5 0 . 2 3 6 9 E + 0 3 0 . 8 0 0 0 E + 0 1 0 . 2 « 1 U E * 0 1 0 . 2 0 B 2 E * 0 3
TOTAL DRIVING 
FORCE ( P S I )
0 .  2 5 17E*01
TUBE
LENGTH (FT)
0 .  1 2 0 < m 0 2
DIRTY H . T . C .  
(BTU/H R, F , F T 2 )





NUMBER OP SHELL TUBE NUMBER OE SHELL TUBE OUTSIDE
CONDENSER PASS PASS TUBES DIAMETER ( I  N) 0 1 AHETER (IN )
1 1 U 6U0 0 .  29Q0E* 02  0 . 7 5 0 0 E + 0 0
(C) PROCESS DESCRIPTION
REQUIRED COOLANT IN
COOLANT, LB/HR TEMP (P)
0 - 3 9 7 2 E *  Oh 0 . 7 2 0 0 E * 0 2
COOLANT OUT 
TEMP <F)
0 . 9 2 0 0 E +  02
TUBE PRESSURE VELOCITY IN 
DROP ( P S I )  TUBE (F T /S E C )
o.amEnn 0 . U 6 2 5 E + 0 1
CLEAN H . T . C .  
(B TU/H R, P ,  F T 2)
DIRTY H . T . C .  
( B T U / H R , F , P T 2 )
TEMPERATURE 
LMTD (F)
CONDENSER UFA T 
DUTY (BTU/HR)
0 .  6 1 6 3 E + 0 3 0 . 2 C 7 9 E + 0 3 0 . 1 8 3 3 E * 0 2 0 . 6 9  39E + 07
TUBE TUBE LAYOUT 
BHG PITCH ( IN )
TIinE
LENGTH(FT)
1b 0 .  93 7 5 E t  0 0  0 .  1 6 0 0 E * 0 2
PROCESS IN 
TEHP (E)
0 .  1 0 5 2 E + 0 3
PROCESS OUT 
TEHP (F)
0 .9 9 M 1 E + 0 2
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E n g i n e e r i n g  i n  J u n e  1 9 7 6 .  I n  D ecem ber  1978 ,  he r e c e i v e d  t h e  
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